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ABSTRACT 
The diploma thesis deals with preparation of three-dimensional porous collagen composite 
scaffolds for bone tissue engineering and study of the effect of addition of bioceramic particles 
on morphological, biomechanical and biological properties. Theoretical part describes 
biomaterials and bioceramic particles used for scaffolds in bone tissue engineering and their 
fabrications method. As for experimental part, samples were prepared by the freeze-drying 
method. As tested material, type I collagen from porcine and bovine sources was combined 
with hydroxyapatite and mixture of β-tricalcium phosphate and α-tricalcium phosphate in ratios 
1 : 1, 1 : 2 and 2 : 1. The effect of bioceramics solubility and particle sizes on scaffolds 
morphology, biomechanics and biocompatibility was evaluated. Addition of bioceramic 
particles changed the morphology of the samples. The pore size decreased, whereas the porosity 
was nearly the same in all tested samples. Bioceramic particles also made the collagen matrix 
of the scaffolds less hydrophilic, moreover they stabilized the scaffolds against the effect of 
enzymatic degradation. The biomechanical properties of the samples were tested in both dry 
and hydrated state. In dry state, the pure bovine collagen scaffolds reached the highest 
compressive strength, contrary in hydrated state, the samples containing bioceramic particles 
reached the highest value. None of the samples was cytotoxic and the most preferable 
environment for cell adhesion and proliferation was in the pure bovine collagen scaffolds and 
also in the composite scaffolds with ratio HAp : β-TCP : 1 : 1. 
KEY WORDS  
Tissue engineering, scaffold, collagen, hydroxyapatite, β-tricalcium phosphate, α-tricalcium 
phosphate, composite.   
ABSTRAKT 
Diplomová práce se zabývá přípravou trojrozměrných porézních kolagenových kompozitních 
nosičů pro tkáňové inženýrství kostí a studiem vlivu přídavku biokeramických částic na 
morfologické, biomechanické a biologické vlastnosti. Teoretická část popisuje biomateriály 
a biokeramické částice používané pro nosiče v tkáňové inženýrství kostí a jejich metody 
výroby. Pokud jde o experimentální část, byly vzorky připraveny metodou lyofilizace. 
Testovaným materiálem byl kolagen typu I z prasečího a hovězího zdroje, který byl 
kombinován s hydroxyapatitem a směsí β-fosforečnanu vápenatého s α-fosforečnanem 
vápenatým v poměrech 1 : 1, 1 : 2 a 2 : 1. Byl hodnocen vliv rozpustnosti a velikosti částic na 
morfologii, mechaniku a biokompatibilitu nosičů. Přidání biokeramických částic změnilo 
morfologii vzorků. Velikost pórů se snížila, zatímco pórovitost byla ve všech testovaných 
vzorcích téměř stejná. Biokeramické částice také způsobily, že kolagenová matrice nosičů byla 
méně hydrofilní, a navíc dokázaly stabilizovat nosiče proti působení enzymatické degradace. 
Biomechanické vlastnosti vzorků byly testovány v suchém i mokrém stavu. V suchém stavu 
dosáhl nejvyšší pevnosti v tlaku čistý bovinní kolagenový nosič, naopak v hydratovaném stavu, 
dosáhly nejvyšší hodnoty vzorky obsahující biokeramické částice. Žádný ze vzorků nebyl 
cytotoxický a nejvhodnější prostředí pro buněčnou adhezi a proliferaci bylo v čistém bovinním 
kolagenovém nosiči a také v kolagenovém kompozitním nosiči s poměrem HAp : β-TCP : 1 : 1. 
KLÍČOVÁ SLOVA 
Tkáňové inženýrství, skafold, kolagen, hydroxyapatit, β-fosforečnan vápenatý, α-fosforečnan 
vápenatý, kompozit. 
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Currently, the whole world is experiencing an exceedingly high demand for functional bone 
grafts especially in populations where aging is coupled with increased obesity and poor physical 
activity. Unfortunately, reconstructive surgery (mostly due to trauma or tumour removal) is still 
limited by lack of the autologous material and donor site morbidity. Thus, materials that 
enhance bone regeneration get a very high potential in clinical applications. The use of porous 
material scaffolds from polymer and bioceramic components to support bone cells and tissue 
growth is longstanding area of interest. 
 Bone tissue engineering is based on the understanding of bone structure, bone mechanics, 
and tissue formation as it aims to induce new functional bone tissues. Thus, to successfully 
regenerate or repair bone, knowledge of the bone biology and its development is crucial. 
Challenges of bone tissue engineering include engineering of the materials that can match both 
the mechanical and biological properties of the real bone tissue matrix and support the 
vascularization of large bone tissue architectures. The goal is to mimic as much as possible the 
three-dimensional and a highly complex extracellular environment of the bone tissue which 
provides optimal conditions for cell adhesion, proliferation and finally differentiation. 
Engineering functional bone tissues using combinations of cells, collagen-based scaffolds with 
bioceramic components and signalling molecules are a promising approach and these 
techniques could lead to unbounded possibilities for tissue regeneration and repair. 
 The aim of the thesis is to get an overview of biomaterials and bioceramic particles used for 
scaffold in bone tissue engineering and their fabrications method in the form of a literary 
research. Then to follow up previous studies dealing with collagen-based scaffolds containing 
individual bioceramic particles and prepare pure collagen scaffolds and collagen composite 
scaffolds containing mixtures of bioceramic particles differing in particle size and solubility in 
water. Finally, to observe the effect of mixtures of bioceramic particles on morphological, 
biomechanical and biological properties of collagen-based scaffolds.   
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2 CURRENT STATE OF THE ART 
2.1 Tissue Engineering  
Tissue engineering (TE) is a rapidly advancing interdisciplinary field that combines the 
principles of life sciences, materials sciences, and engineering to construct tissue engineered 
grafts, which are transplanted to the body as replacements for the missing or severely damaged 
tissues and organs [1; 2]. TE holds promises of eliminating re-operations by using 
biodegradable substitutes, solving problems of immune rejections of implants and shortage of 
organ donations, initiating and supporting natural regeneration process, offering  
potential treatments for currently untreatable medical conditions [3]. 
 Generally, strategies of TE (several TE strategies are schematically presented in Fig. 1)  
combines living cells with a natural/artificial support (carrier) or scaffold to develop three-
dimensional (3D) living structure that is functional and structurally, mechanically is equivalent 
to the tissue to be replaced [4]. Effective mimicking of a tissue is highly complex process 
including many aspects associated with different features of each single tissue. There are three 
major components that must be considered to develop a tissue: 
1. Cells 
2. Signalling molecules 
3. Scaffolds 




Fig. 1: Schematic representation showing different tissue engineering (TE) strategies. TE approach A: 
cells explanted from an individual (A-1), which can be cultivated in vitro (A-2) to differentiate, 
eventually modify them genetically (A-3 and A-4) and expand them (A-5) before to be reinfused, 
preferentially, in the same individual (A-6). TE approach B: explanted cells could be engineered before 
re-exposing them to all the signals (e.g., mechanical and molecular) of the human body. Cells 
encapsulated or seeded onto the hydrogel/scaffold (B-1) and implanted in the body (B-2) to act as an 
artificial organ, or cells seeded/encapsulated in scaffolds assembled in a bioreactor (B-3) to form 3D 
tissue (B-4) serving as an external artificial organ (i.e. artificial liver), and then implanted (B-5). TE 
approach C: using tissue-inducing substances that can be added in all types of in vitro cultivations (C-
1) before to reinfusion to exposed cells in the body (C-2). TIM can be added to the scaffold prior to 
implantation (C-3 and C-4). The use of TIM in vitro and on cells that are growing onto a scaffold (C-5 
and C-6) that will be implanted after a certain time, or that the whole construct can be cultured in a 
bioreactor to generate an artificial organ prior to implantation (C-7 and C-8). [6] 
2.1.1 Cells 
Cells for tissue engineering that can be obtained from the same individual to whom they will 
be re-implanted, are called autologous cells. Allogenic cells are isolated from body from the 
same species, but they are not immunologically identical. Xenogenic cells are obtained from 
donors of different species. For instance, animal cells like bovine, equine, and porcine tissues 
have been used extensively for cardiovascular implants [7]. Transplantation of autologous cells 
is optimal because of minimal immune complications like pathogen transmission and immune 
rejection. That makes them an ideal source for use in tissue engineering [8]. Nevertheless, in 
some cases, this type of cells might be unavailable like genetic diseases. Also, very ill patient, 
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severely burnt patient and even an elderly person may lack affordable quantities of cells to 
establish useful cell lines [7].  
 The cell types used in tissue engineering range from differentiated adult cells to 
undifferentiated progenitor cells and stem cells. Stem cells are undifferentiated, and they are 
found among differentiated cells in tissues or organs. They have ability to self-renewal and cell 
potency. Generally, there are three types of stem cells: embryonic stem cells (EMS), induce 
pluripotent cells (iPS) and adult stem cells [7].  
 EMS can be isolated from the inner cell mass of pre-implantation embryos during the 
blastocyst stage. They can differentiate into practically all specialized cell types and thus they 
are considered pluripotent [9]. They also can proliferate in an undifferentiated state, so they 
have the ability to self-renew. Nevertheless, its use has been limited due to ethical concerns 
regarding use of human embryonic stem cells, the potential tumorogenicity and immunological 
incompatibilities. iPS cells are the result of the transformation of an adult, somatic cell through 
reprogramming into a pluripotent stem cell. Although they are considered as pluripotent, these 
cells are not identical to EMS cells, but they are similar. That is caused by the way of 
reprogramming. Like EMS, iPS cells can cause tumours [10]. Adult stem cells are multipotent 
stem cells found in specific niches or tissue compartments [9]. They are available in various 
sources like trabecular bone, muscle, blood, bone marrow, liver, skin, cornea, and retina of the 
eye, dental pulp. Recently some evidence proves that adult stem cells have greater plasticity 
than was thought before [11]. 
 According the plasticity or development versatility of stem cell, they can be classified into 
three groups: totipotent cells, pluripotent cells and multipotent cells. Totipotent stem cells are 
early embryonic cells of 1–3 days from oocyte fertilization. It has the potential to form all cell 
types in a body, also extra embryonic or placental cells. An entire functional organism is 
possible to create by this type of cell. Pluripotent stem cells can differentiate into any of the 
three germ layers: endoderm, mesoderm, and ectoderm but like totipotent stem cells cannot 
create entire organism. Multipotent stem cells are specialized further from the pluripotent stem 
cell division. Multipotent stem cells can differentiate into multiple cell types, but usually 
specific to one germ layer [7]. 
2.1.2 Signals 
Signalling molecules provide stimuli for cell adhesion, growth, differentiation, vascularization 
and other functions. There are several kinds of signalling molecules used such as growth factors, 
cytokines, hormones, small molecules like neurotransmitters, proteins, morphogenes, mRNA 
etc. [12]. Among these signalling molecules, multifunctional proteins like growth factors and 
cytokines have studied more for tissue engineering application [13; 14]. 
 Growth factors (GFs) are signalling diffusible proteins made by body itself that regulate 
many aspects of cellular functions. GFs play a crucial role in information transfer between 
different cell populations and their microenvironment, the extracellular matrix (ECM), and 
throughout the processes of wound healing, morphogenesis, and tissue regeneration [15]. As 
members of a large group of polypeptide regulatory molecules, GFs are normally released by 
healthy cell lines in the body whose primary role is to direct the maturation of cells during 
normal turnover and in the post-injury tissue repair response. In the latter case, these cells 
provide key instructions for tissue formation and repair because they are involved in cell 
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infiltration, cell proliferation, and matrix synthesis, deposition and organisation, which lead to 
angiogenesis and finally scar/tissue formation [16].  
 However, there are still several concerns that GFs may have even negative effects, especially 
for using high levels of doses. Exposure of the myocardium to high local levels of GFs can 
cause hemangioma-like tumours, vascular malformations, and neointimal development [17].  
 Cytokines are small secreted proteins released by cells that have a specific effect on the 
interactions and communications between cells. They are often produced in a cascade, as one 
cytokine stimulates its target cells to make additional cytokines. Cytokines can also act 
synergistically or antagonistically. Cytokines are made by many cell populations, but the 
predominant producers are helper T-lymphocytes and macrophages [18]. Cytokines (BMP2, 
TGFβ and WNT ligands) play an important role in osteogenic differentiation of mesenchymal 
stem cells and bone remodelling. Ideally, cytokines can be released by programmed way into 
the micro-environments of the bone graft and then direct desired bone remodelling [13; 19]. 
2.1.3 Scaffolds 
Scaffolds play a significant role in tissue engineering. They are explained as 3D porous solid 
biomaterials that mimic natural environment for cell behaviour such as migration, proliferation, 
differentiation, and ECM deposition [4]. Scaffolds are generally considered as essential 
elements of tissue engineering; therefore, they should have these key properties: 
 Have interconnected pores with a proper pore size in order to provide tissue integration 
and vascularization [20; 21]. 
 Be biocompatible to avoid unwanted tissue responses to the implant [22]. 
 Be biodegradable with proper degradation rate to match with the rate of formation of 
new tissue [23]. 
 Have good mechanical properties to supply suitable environment for cells, distribute 
inductive materials or cells to the renovate location and offer cues to manage the 
composition and function of recently created tissue [21; 24]. 
 Have appropriate surface chemistry to allow cellular attachment, differentiation and 
proliferation [25; 26]. 
 Simulate the composition and biological role of the extracellular matrix [27]. 
 Macrostructure of the scaffold reflects the external geometry of the issue. A 3D scaffold that 
mimic the external geometry of the tissue is more desired for scaffold placement and fixation 
in clinical applications. A direct contact between defect line of tissues and the scaffold enhance 
the interaction between fabricated construct and the host site [20; 21]. 
 Scaffolds can be constituted of bulk materials or they have a pore or tube geometry. Pores 
or tubes can be introduced in scaffolds as isolated formations or they can be interconnected. 
Huge advantage of interconnected porous or tubular system is the improved nutritional supply 
in deeper areas, thereby cells can survive in these regions. A high interconnectivity of pores or 
tubes facilitates hydrodynamic microenvironment, but at the same time reduces mechanical 
strength [28; 29].  
 Tissue regeneration in vivo may be achieved by using scaffolds with optimal hollow 
structures (tube/pore combinations). The size of these pore structures not only improves the 
fluid flow through the scaffold but may also allow vascular ingrowth. Bone formation critically 
depends on vascularization. Indicated pore size is ranging from 200 μm to 500 μm for vascular 
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ingrowth [30]. The influence of pore size distribution in bone tissue scaffold on biological 
interactions is noted in Table 1.  
Table 1: Pore size distribution for an ideal scaffold in bone tissue engineering application [30]. 
 High ratio surface/volume is highly advantageous for cell attachment and migration in 
porous scaffold. Since pore diameter and internal surface area are related linearly, mechanical 
stability decreases with increasing surface area. Scaffold should ideally have sufficient 
mechanical strength during in vitro culturing as well as the mechanical endurance while is 
regenerating in physiological environment [20; 31]. 
 The ideal rate of scaffold degradation must be adjusted to be parallel the rate of new tissue 
formation. At the same time retains sufficient structural integrity until the newly grown tissue 
replaced the scaffold [32]. Moreover, during degradation of the scaffold should not be changing 
the physiological pH or releasing of toxic degradation products.  
 A scaffold should ideally be used as carrier for proteins which can easily bound to scaffold 
material. They should be biologically active and should be released as it is predetermined [31]. 
 
Fig. 2: Representative cartoons and images of four different forms of polymeric scaffold used in tissue 
engineering [33]. 
There are four different forms of polymeric scaffold used in tissue engineering (Fig. 2): 
1. A typical 3D highly porous matrix that allows high cell seeding density and tissue 
ingrowth. 
2. A microfibrous or nanofibrous matrix that provides better resemblance of physiological 
ECM. 
3. A Thermosensitive sol-gel transition hydrogel. 
4. A porous microsphere. 
Pore size (μm) Biological relevance 
< 1 Protein interaction and adsorption 
1–20 Initial cell attachment and directed cell growth 
20–100 Cell proliferation, migration 
100–1000 Cell growth and collateral bone growth 
> 1000 
Important for maintaining and programming the 
shape and functionality of implant 
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Of the polymeric scaffolds listed above, a typical 3D porous matrix and nanofibrous matrix are 
surgical implantable forms and a thermosensitive sol-gel transition hydrogel and porous 
microsphere are the injectable forms [34]. 
2.1.4 Extracellular Matrix 
The extracellular matrix (ECM) is non-cellular 3D macromolecular network present within all 
tissues and organs. The ECM consists of a large variety of matrix macromolecules whose 
precise composition and specific structures vary from tissue to tissue.  The major components 
of ECM (Fig. 3) are fibrous forming protein (collagen and elastin), cell binding glycoproteins 
(fibronectin and laminin), proteoglycans and glycosaminoglycans [35; 36].  
 
Fig. 3: Representative cartoon of ECM composition [37]. 
 The ECM generates the essential scaffold for the cellular constituents. The ECM determines 
biochemical and mechanical properties of each organ, such as its tensile and compressive 
strength and elasticity, and also provides protection by maintaining extracellular homeostasis 
and water retention. Moreover, the ECM directs morphological organization and physiological 
functions by binding growth factors and interacting with cell-surface receptors to initiate signal 
transductions and regulate gene transcription [35]. 
 Components of the ECM can be produced intracellularly by all cells and secreted into the 
ECM via exocytosis. However certain cells produce a specific type of ECM: fibroblasts secrete 
connective tissue ECM, osteoblasts secrete bone-forming ECM, chondroblasts secrete 
cartilage-forming ECM, fibroblasts and epithelial cells together make basement membrane 
[38]. 
 Collagen is the most abundant fibrous protein in the interstitial ECM and constitutes the 
main structural element which provides tensile strength, regulates cell adhesion, supports 
chemotaxis and migration of cells and directs tissue development. Collagen is synthesized and 
secreted in the ECM mainly by fibroblasts [39]. Depending on the amount of tension on the 
matrix fibroblasts can organize collagen fibrils into sheets or cables which significantly 
influences the alignment of collagen fibres [35]. 
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 Elastic fibres are very complex ECM structure that provides recoil to tissues which undergo 
repeating stretching forces, such as large elastic blood vessels, lungs, heart, skin, bladder and 
elastic cartilage. Elastic fibres are composed of two discrete components, elastin being the 
major constituent and microfibrils. Tropoelastins, the monomeric precursors of elastin with 
unique composition and tendency to self-associate, are secreted and cross-linked one to another 
via their lysine-containing domains by members of the lysyl oxidase enzyme family [40; 41]. 
Polymer also contains the hydrophobic domains that are responsible for the elastic properties 
of the network. However, elastin stretch is crucially limited by tight association with collagen 
fibrils [40]. Microfibrils are composed of number of different glycoproteins including the large 
fibrillin which is situated in the periphery of the fibre [42]. It is suggested that microfibrils 
provide a scaffold that helps the alignment and cross-linking of the elastin molecules [43]. 
 Fibronectin is critical for attachment and migration of cells, functioning as “biological glue”. 
It is a large glycoprotein that can be found in all vertebrates. Fibronectin is secreted as dimer 
which is composed of two very large subunits joined by disulphide bonds at one end. Each 
subunit is folded into a series of functionally different domains that are intermitted by flexible 
polypeptide chain [44]. Unlike fibrillar collagen, fibronectin cannot self-assemble into fibrils 
because additional proteins, especially integrins, are needed for fibril formation. Fibronectin 
matrix is mainly produced at times of dynamic tissue remodelling, formation or repair, and is 
essential during embryonic development [45; 46]. 
 Laminins are large heterotrimeric cross-shaped glycoproteins that are assembled along with 
collagen type IV, about 20 glycoproteins (nidogens, agrin, perlecan, etc.) and proteoglycan 
heparan sulphate in basement membranes. Each laminin heterotrimer consists of one α, one β, 
and one γ chain, each of which is encoded by individual genes.  Many laminins self-assemble 
to form highly complex networks that remain in close association with cells through interactions 
with cell surface receptors. Laminins are essential for early embryonic development and 
organogenesis [35; 47]. 
 Proteoglycans consists of core protein to which one or more glycosaminoglycan (GAG) side 
chains are covalently attached. GAGs are very long highly negatively charged 
heteropolysaccharides that contain repeating disaccharides composed mainly of N-acetylated 
hexosamines (N-acetyl-D-galactosamine or N-acetyl-D-glucosamine) and D-/L-hexuronic acid 
(D-glucuronic acid or L-iduronic acid). There are six types of glycosaminoglycans: the 
galactosaminoglycans chondroitin sulphate (CS) and dermatan sulphate (DS), and the 
glucosaminoglycans heparan sulphate (HS), heparin (Hep), keratan sulphate (KS), and 
hyaluronic acid (HA) [48]. HA is the only GAG which is biosynthesized at the cell membrane 
and not at the Golgi apparatus and which is not substituted with sulphate groups unlike the 
others. Large variability in structure of GAG chains provides proteoglycans extreme molecular 
diversity and huge structural basis for biological functions. Proteoglycans can be found in 
intracellular compartments as well as in the ECM. They interact with numerous growth factors, 
cytokines and chemokines, cell surface receptors and ECM molecules either via their core 
proteins or, mainly, through their GAG side chains participating for example in cell signalling, 
proliferation, migration, differentiation, apoptosis, and adhesion [35]. Thanks, their extreme 
hydrophilicity they are essential for hydrogel formation that enable matrices to bear high 
compression or to have lubrication functions [49]. 
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2.2 Fabrication Techniques of Scaffolds 
Most of the scaffolds were conventionally developed with an objective of drug delivery but 
later explored for 3D cell culture in the context of tissue engineering. Just like constituting 
materials, the methods and techniques for creating 3D scaffold are numerous though each one 
has its own limitations and rewards.  
 Based on the target architecture of ECM, scaffold properties such material strength, pore 
density, pore size, their distribution and connectivity need to be controlled. At the same time 
the technique of should not alter or change the biocompatibility and inherent cell-interactive 
characteristics of the biomaterial at any stage.  The methods of fabrication of biocompatible 3D 
scaffolds with appropriate architectures can be divided into two classes: conventional and 
advanced [30]. 
2.2.1 Conventional Techniques 
Conventional fabrication techniques are defined as processes that create scaffolds having a bulk 
or porous structure (interconnected or non-interconnected) which lacks any long-range 
channelling microstructure [50]. Most of the scaffolds were conventionally developed with an 
objective of drug delivery but later explored for 3D cell culture in the context of tissue 
engineering.  
 Conventional scaffold fabrication techniques include [51]: 
 Fibre bonding 
 Phase separation 
 Solvent casting/particulate leaching 
 Membrane lamination 
 Melt molding 
 Gas foaming/high pressure processing 
 Hydrocarbon templating 
 Freeze drying  
 Combinations of these techniques 
 Despite the fact conventionally produced scaffolds are used to construct a great variety of 
tissues, most are limited by some flaws which restrict their applications in TE. Among the main 
limitations belong: 
 Manual intervention: All conventional techniques are manual based processes that 
mostly require multi-stage processing to get appropriate scaffold. Dependence on user 
skills and experiences can result in inconsistent outcomes and poor repeatability [51].  
 Inconsistent and flexible processing procedures: Conventionally fabricated scaffolds 
usually possess inconsistent pore sizes, pore morphologies, porosities and internal 
surface areas over their entire volumes [51]. 
 Shape limitations: Three-dimensional scaffolds is often limited by the complexity in the 
design and construction of the mold [51]. 
 Use of porogens: The use of porogens limits dimensions of scaffolds to thin membranes 
with thickness of 2 mm to facilitate complete porogen removal. Porogen particles 
entrapped by the matrix will remain in the scaffold. Moreover, it is difficult to prevent 
the agglomeration of porogen particles and achieve uniform porogen dispersion [52]. 
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 Use of toxic organic solvents: Most of conventional techniques involve extensive use 
of toxic organic solvents in order to convert the raw materials (granules, pellets or 
powders) into the final scaffolds. Incomplete removal of solvents from the fabricated 
scaffolds especially in thicker constructs will result in harmful residues that have 
negative effects on adherent cells, incorporated biological active agents or nearby 
tissues [53]. 
Specific advantages and disadvantages of individual conventional techniques are summarized 
in Table 2. 
Table 2: Summarization of advantages and disadvantages of conventional techniques [50; 51; 52; 54]. 




High surface area to volume 
ratio 
High processing temperature 
for non-amorphous polymer 
Limit range of polymers 
Lack of mechanical strength 
Problems with residual solvent 
Lack of control over micro-
architecture 
Phase separation  
Allows incorporation of 
bioactive agents 
Highly porous structures 
Lack of control over micro-
architecture 
Problems with residual solvent 
Limited range of pore sizes 
Solvent casting and 
particulate leaching 
Highly porous structures 
Large range of pore sizes 
Independent control of porosity 
and pore size 
Crystallinity can be tailored 
Limited membrane thickness 
Lack of mechanical strength 
Problems with residual solvent 
Residual porogens 
Membrane lamination 
Macro shape control 
Independent control of porosity 
and pore size 
Lack of mechanical strength 
Problems with residual solvent 
Tedious and time-consuming 
Limited interconnected pores 
Melt moulding 
Independent control of porosity 
and pore size 
Macro shape control 
High processing temperature 




Good compressive strength 
Independent control of porosity 
and pore size 
Problems with residual solvent 
Residual porogens 
High-pressure processing 
Organic solvent free 
Allows incorporation of 
bioactive agents 
Nonporous external surface 




Organic solvent free 
Allows incorporation of 
bioactive agents 
Limited interconnected pores 




Highly porous structures 
Large range of pore sizes 
Independent control of porosity 
and pore size 
Freeze drying 
Highly porous structures 
High pore interconnectivity 
Limited to small pore sizes 
Hydrocarbon templating 
No thickness limitation 
Independent control of porosity 
and pore size 
Problems with residual solvent 
Residual porogens 
2.2.2 Advanced Techniques 
Advanced fabrication techniques are developed particularly to solve the versatility, 
reproducibility and scale-up issues of designing the scaffold for TE. Advanced scaffold 
fabrication techniques include [30]: 
 Rapid prototyping (solid free form fabrication) – 3D plotting, 3D printing, 
stereolithography, selective laser sintering, fused deposition modelling, etc.  
 Electrospinning 
 In situ photopolymerization 
 High internal phase emulsion 
 Self-assembling peptides 
 Also, advanced scaffold fabrication techniques have their limitations, especially high 
processing temperatures, limited material range and use of toxic organic solvents.  On the other 
hand, there are some significant advantages that draw attention of researchers to future 
perspectives [51]: 
 Customized design: Direct utilization of CAD (computed-aided design) models as 
inputs for scaffold fabrication allows complex scaffold designs to be realized. Then, 
patient specific data and scaffold structural properties required for regenerating specific 
tissues can be incorporated into the scaffold design [51]. 
 Computer-controlled fabrication: The use of automated computerized fabrication will 
result in high quality production with minimal manpower requirements. The high-
resolution devices with the ability to define and control individual process parameters 
will be able to create highly accurate and consistent pore morphologies. The ability to 
optimize scaffold designs will facilitate cell attachment, colonization and proper ECM 
formation [51]. 
 Anisotrophic scaffold microstructures: The use of CAD and advanced scaffold 
fabrication techniques will allow user control localized pore morphologies and 
porosities to suit the requirements of different cell types in the same scaffold volume. 
This can be achieved by incorporating different controllable macroscopic and 
microscopic designs on different regions of the same scaffold. Having an anisotrophic 
scaffold microstructure is great advantage in TE applications where multiple cell types 
are arranged in hierarchical structures [55]. 
 Processing conditions: Advanced techniques provide a diverse range of processing 
conditions which include solvent and/or porogen free processes and room temperature 
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processing. Some techniques also allow pharmaceutical and biological agents to be 
incorporated into the scaffolds during fabrication [56; 57]. 
2.3 Biomaterials for Scaffold Matrices 
Biomaterials for scaffold matrices can divided into three individual groups: ceramics, synthetic 
polymers and natural polymers. Ceramics are not generally used for soft tissue engineering. 
 Ceramic scaffolds have many advantageous aspects like being bioactive, biocompatible, 
biodegradable, mechanically stiff (Young’s modulus). On the other hand, they are less elastic 
and more brittle. They also exhibit shaping difficulties. Bioceramics can be classified into the 
following three groups [58]: 
 Bioinert groups e.g. alumina and zirconia 
 Surface bioactive groups e.g. high temperature sintered hydroxyapatite (s-HA), bioglass 
 Bioresorbable groups e.g. low temperature sintered hydroxyapatite (u-HA), α-
tricalcium phosphate (α-TCP), β-tricalcium phosphate (β-TCP), octacalcium phosphate 
(OCP), tetracalcium phosphate (TTCP) 
 Natural polymers have an advantage in the inherent bioactivities that can promote excellent 
cell adhesion, attachment, proliferation and tissue recovery. Furthermore, they are also 
biodegradable and so allow host cells, over time, to produce their own extracellular matrix and 
replace the degraded scaffold.  However, there are still some limitations, such as, difficult to 
purify, potential risk for disease transmission, batch to batch difference, and lack enough 
mechanical properties and thermal stability [59]. Several mostly used natural polymers for 
scaffolds and their biomedical applications are listed in Table 3. 
 Numerous synthetic polymers have been tried to produce scaffolds because of their several 
advantages as a scaffold material and also due to their availability. Synthetic polymers can be 
biodegradable and non-biodegradable. Synthetic polymeric materials can be fabricated with a 
tailored architecture and properties (e.g. porosity, degradability and mechanical properties), 
according to their applications. That means they can be produced under controlled conditions 
with large uniform quantities and long shelf life. However, there is a risk of rejection of these 
polymeric scaffolds because of their reduced bioactivity. During the degradation process, 
formation of acidic products and consequently lowering the local pH is a common problem with 
synthetic polymers which can result in cell-tissue necrosis [60]. Several mostly used synthetic 
polymers for scaffolds and their biomedical applications are listed in Table 4. 
 Each of these individual biomaterial groups has specific advantages and, needless to say, 
disadvantages so the use of composite scaffolds comprised of different phases is becoming 
increasingly common. 
Table 3: Several kinds of natural polymers for scaffolds and related applications [61]. 
Natural polymers Chemical structure Biomedical applications 
Agarose 
 










Wound healing, promote blood 
coagulation, scaffold for cells 
Gelatin 
 




Cell attachment, bone growth 
 
Table 4: Several kinds of synthetic polymers for scaffolds and related applications [61]. 
Synthetic polymers Structural units Biomedical applications 
Poly(glycolic acid) 
 
Heart valve engineering, 
support for muscle and 
endothelial cell growth 
Poly(D,L-lactic acid-co-
glycolic acid)  
Regenerate an extracellular 
matrix 








Poly(ethylene glycol)  
Forming scaffolds 










2.4 Collagen  
Collagen is the most abundant structural protein in all animals, forms up to 35 % of all proteins, 
and is a major component of the ECM and connective tissues. Collagen has been long on the 
top list of preferred materials for tissue engineering scaffolds thanks the fact that is well 
tolerated, it promotes cell adhesion and proliferation, and it provides biodegradable scaffolds 
with good mechanical properties [62; 63]. To date, some 30 various types of collagen have been 
identified in collagen family [64]. According to its compositional and structural characteristics 
they are grouped as fibril and network forming, fibril-associated collagens with interrupted 
triple helices (FACITs), membrane-associated collagens with interrupted triple helices 
(MACITs), multiple triple-helix domains and interruptions (MULTIPLEXINs) [63]. Most 
collagens consist of fibril-forming collagens (up to 90% of all human collagens) with their 
characteristic quarter-staggered fibril-array [65]. The most abundant collagens are type I which 
is present mainly in bone, tendons, skin, dentin, etc., type II mostly in cartilage and type III in 
skin. The other minor collagen types are rather organ-specific [64]. 
2.4.1 Structure of Collagen 
Among the different collagen types are rather high structural diversities, but all members of 
collagen family have one characteristic feature: a right-handed triple helix composed of three 
α-chains [66]. These might be formed by three identical chains (homotrimers) as in collagens 
II, III, VII, VIII, X, and others or by two or more different chains (heterotrimers) as in collagen 
types I, IV, V, VI, IX, and XI. Each of the three α-chains within the molecule forms an extended 
left-handed helix with a pitch of 18 amino acids per turn [67]. The three chains, staggered by 
one residue relative to each other, are supercoiled around a central axis in a right-handed manner 
to form the triple helix [68]. Structure and organization of collagen is shown in Fig. 4. 
 A structural prerequisite for the assembly into a triple helix is a glycine residue in every third 
position of the polypeptide chains resulting in a (Gly-X-Y)n repeat structure which characterizes 
the “collagenous” domains of all collagens. The α-chains assemble around a central axis in a 
way that all glycine residues are positioned in the center of the triple helix, while the more 
“volume” side chains of the other amino acids occupy the outer positions. This allows a close 
packaging along the central axis of the molecule. The X and Y position is often occupied by 
proline and hydroxyproline. Depending on the collagen type, specific proline and lysine 
residues are modified by post-translational enzymatic hydroxylation. The content of 4-
hydroxyproline is essential for the formation of intramolecular hydrogen bonds and contributes 




Fig. 4: Scheme of collagen structure and organization [70]. 
 The helix-forming (Gly-X-Y) repeat is the predominating motif in fibril-forming collagens 
(I, II, III) resulting in triple helical domains of 300 nm in length which corresponds to about 
1000 amino acids [71; 72]. Although the triple helix is a key characteristic of all collagens and 
represents the major part in fibril-forming collagens, non-collagenous domains neighbouring 
the central helical part are also important structural components. Thus, the C-propeptide is 
thought to play a fundamental role in the initiation of triple helix formation, whereas the N-
propeptide is thought to be involved in the regulation of primary fibril diameters. The short 
non-helical telopeptides of the processed collagen monomers are involved in the covalent cross-
linking of the collagen molecules as well as linking to other molecular structures of the 
surrounding matrix [71]. 
 Fibroblasts are the major producer of collagen in connective tissue. Collagen pro-α chain is 
synthesized from a unique mRNA on the rough endoplasmic reticulum and then is transferred 
to the Golgi apparatus of the cell. During this transfer, some prolines and lysines residues are 
hydroxylated by the lysyl oxydase enzyme. Specific lysines are glycosylated and then pro-α 
chains self-assemble into procollagen prior and pass to excretory vesicles. During passage 
through the plasma membrane, the propeptides are cleaved outside the cell to allow for the auto-
polymerisation by telopeptides. This step is the initiation of tropocollagen self-assembly into 
10 to 300 nm sized fibril and the agglomeration of fibril into 0.5 to 3 μm collagen fibers [73].  
2.4.2 Physical and Chemical Properties of Collagen 
The fibrillar structure of collagen is stabilized by several posttranslational modifications that 
allow the formation of intermolecular and interfibrillar cross-links. There are two main types 
of intermolecular cross-links: enzymatic and advanced glycation end-products (AGEs). 
Enzymatic cross-links are essential in the formation of functional collagen fibrils, whereas 
AGEs accumulate with age and diabetes and may impair normal function [74]. Cross-linking 
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directly affects the mechanical function of connective tissues [75; 76] and also affects tissue 
biochemistry, making collagen less susceptible to proteolytic degradation [77; 78].  
 Enzymatic cross-link formation is initiated by the enzyme lysyl oxidase acting on specific 
lysines in the telopeptides [76]. The resulting allysine reacts rapidly with a specific lysine in 
the helical region of a neighbouring molecule to form an immature divalent intermolecular bond 
[79]. Over time, immature cross-links can react with an additional telopeptide allysine to form 
a trivalent mature bond. AGE cross-links are formed by reactions with reducing sugars, such as 
glucose. This type of reaction is largely unspecific, producing both cross-linking and noncross-
linking compounds along the protein. The amount of AGEs formed on a protein increases with 
time until it is degraded. This allows large amounts of AGEs to accumulate due to the extensive 
half-life of collagen [76; 80]. 
 Covalent crosslinks between collagen molecules are the major obstacles for dissolution. 
Collagen is insoluble in organic solvents. Water-soluble collagen represents only a small 
fraction of total collagen and the amount depends on the age of the animal and type of tissue 
extracted. The most commonly used solvents are neutral salt solution (0.5–2 M NaCl) or dilute 
acetic acid. Neutral salt solutions can extract freshly synthesized and negligibly crosslinked 
collagen molecules present in the tissue. Modifications in temperature, shaking rate and volume 
of extractant to tissue ratio can irreversibly change the composition of the collagen [81]. Dilute 
acidic solvents, e.g. 0.5 M acetic acid, citrate buffer or hydrochloric acid pH 2–3 are more 
efficient than neutral salt solutions. The intermolecular crosslinks of the aldimine type are 
dissociated by the dilute acids and the repulsive repelling charges on the triple-helices lead to 
swelling of fibrillar structures [82]. It is possible to solubilize approximately 2% of the tissue 
collagen with dilute salt or acid solutions. The remaining 98% is referred to as insoluble 
collagen although this dominant collagen material is not absolutely insoluble and can be further 
disintegrated without major damage to the triple-helical structures. There two possibilities how 
to continue dissolution, either solution of strong alkali or using enzymes to cleave remaining 
crosslinks [83; 84].  
2.4.3 Immunogenicity and Biocompatibility 
Collagen is an animal-derived biomaterial, so there is a potential to evoke an immune response 
which should be considered. Implantation of collagen may initiate an acute inflammatory 
response which can sometimes provoke a chronic inflammatory response. The inflammation 
cause secretion of a large number of antibodies, cytokines or pathogens. Therefore, the 
determination of immunological response following in vivo implantation is based on 
assessment of pro-inflammatory cytokine and antibody secretions and monitoring the 
population changes of immune cells. Complete immunogenic purification is difficult. Although 
collagen extracted from animal sources may exhibit a small degree of antigenicity, it is 
generally considered acceptable for tissue engineering applications on humans [64; 85].  
 An immune response against collagen mainly targets to epitopes in the telopeptide region at 
each end of the tropocollagen molecule [86; 87]. However, the conformation of the helical part 
and the amino acid sequence on the surface of the polymerized collagen fibril, also influence 
the immunologic profile of the collagen molecule [88; 89]. Thus, the difference of 
immunogenicity between polymerized collagen and their smaller counterpart lies on the 
accessibility of the antigenic determinants that decrease during the polymerisation process [90]. 
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2.4.4 Degradation of Collagen 
Native collagen has the poor solubility qualities, therefore often happens a slow metabolic 
turnover [91]. Water and enzymes are needed to digest collagen linkages and to start a 
degradation [64]. The rate of the degradation process often needs to be regulated using diverse 
methods such as crosslinking techniques or a structural modification agent [92]. Biodegradation 
of collagen-based biomaterials for TE could potentially lead to the restoration of tissue structure 
and functionality [93]. In addition, the degradation product of collagen type I to III have also 
been shown to induce a chemotactic attraction of human fibroblasts [94]. On the other hand, 
collagen degradation products can induce an undesirable immunological response leading to 
inflammation and tissue destruction [95]. 
 Hydrolytic degradation is slower under neutral pH conditions where the cleavage of covalent 
bonds (such as ester and peptide bonds) together dominates. Under alkaline pH conditions, the 
splitting of the peptide bonds progresses in a bit faster way than neutral pH [85]. 
 Native collagens are highly resistant and, they are completely digested only by specific 
collagenases and pepsin-cleaving enzymes which can cleave collagen in its undenatured helical 
regions under physiological pH and body temperature [96]. Degradation of collagen in vivo is 
more complex than in vitro. Collagen can be degraded by endopeptidases, such as 
metalloproteinases (collagenases, gelatinases, etc.) and serine-, cysteine- and aspartic-
proteases. The mechanism relies on three abilities: binding collagen molecules, unwinding the 
three α-chains and cleaving each strand of the triple helix [64].  
2.4.5 Crosslinking of Collagen 
Naturally collagen tissue possesses significant strength, this strength is lost when collagen 
products are made from soluble collagen or after electrospinning, then material is even more 
soluble in pure water due to the loss of the quaternary structure [97]. Therefore, collagen must 
be crosslinked to provide greater stability in solutions, reduce enzymatic sensitivity and 
increase the mechanical strength of the fibres and resistance to the denaturation temperature. In 
addition, crosslinking allows reduction in the antigenicity of collagen and sometimes decreases 
its calcification [85; 98].  
 There are three types of crosslinking techniques: physical, chemical and enzymatic. Physical 
crosslinking relies on irradiation by ultra-violet wavelengths (UV) and dehydrothermal 
treatment (DHT). Both techniques produce similar results in crosslinking collagen scaffolds, 
tensile strength is increased, and collagen molecular structure is partially fragmented. However, 
UV irradiation is more time-effective when compared to DHT treatment as it takes only 
15 minutes instead of 3 to 5 days for the DHT treatment. UV crosslinked collagen scaffolds 
also result in a more suitable biomaterial for load-bearing applications due to its enhanced 
enzymatic resistance. However, UV irradiation is only effective for thin and transparent 
scaffolds, allowing UV to go through the structure [99]. 
 Chemical crosslinking in collagen scaffold can be achieved via: 
 Covalent amine/imine linkage, mainly with the ε-amino group of lysine residue (e.g., 
glutaraldehyde [100], isocyanate crosslinking [101]). 
 The carboxyl group in collagen (e.g., 1-ethyl-3-(3-dimethylaminopropyl)-1-
carbodiimide hydrochloride (EDC) crosslinking [64]). 
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 The H-bond between the polyphenolic OH group and different amino acids (e.g., 
genipin crosslinking [102]). 
 Metal-protein complex formation (e.g., chromium crosslinking) [103]. 
The use of aldehydes such as formaldehyde and glutaraldehyde were extensively used in the 
past decade. Glutaraldehyde was the most employed and studied chemical method used to 
crosslink collagen-based biomaterials [73]. Nowadays it is the most commonly used N-ethyl-
N′-[3–dimethylaminopropyl] carbodiimide chloride/N-hydroxy succinimide (EDC/NHS) as 
a non-toxic cross-linker which crosslinks without incorporation of the crosslinking reagent. The 
reaction is based on the formation of an amidic bond from lysine or hydroxylysine NH2 and 
C=O from glutamic or aspartic acid [64]. EDC is not included in the new crosslink bond (thus 
so-called the zero-length crosslink) but is simply transformed into water-soluble urea-
derivatives. EDC is known as a low cytotoxic crosslinker since it is not itself incorporated into 
the crosslinked structure, however, the urea derivates formed as by-products have been reported 
to exhibit some degree of cytotoxicity [104].  
 
Fig. 5: A representative crosslinking scheme of collagen either with EDC or in combination with NHS 
in order to modify number of intermediates and side-by products [85]. 
 Combination of EDC/NHS, where the NHS acts as a competitor, slows crosslinking, by 
competing with EDC in the reaction, thus adding additional reaction step (Fig. 5). Furthermore, 
it inhibits the hydrolysis and reduces formation of by-products and intermediates (N-acylurea 
and O-acylurea derivates). The rate of crosslinking can be controlled via the EDC/NHS ratio. 
Evidently the reaction also depends on moisture levels in the environment and alcohol vapours 
(which accelerate dissolution) [64]. It is proved that EDC and EDC/NHS crosslinked collagen 
scaffolds are structurally stable and maintain fibre structure for up to 3 months and they are also 
cytocompatible. Thus, EDC and EDC/NHS seem to be more appropriate crosslinker than 
commonly used genipin or glutaraldehyde [105]. 
 Finally, enzymatic crosslinking agents like transglutaminase can be used to enhance tensile 
strength and enzymatic resistance of collagen-based biomaterial. The major advantage with the 
approach of using a biologic polymerization technique is that no chemical residues or by-




2.4.6 Fabrication Techniques of Collagen Based Scaffolds 
Collagen is an excellent candidate material for many biomedical applications, although its low 
shape-controllability remains as important limitation. Particularly, the processability of 
collagen using solid-freeform techniques is limited by its hydrophilic nature and low viscosity 
at room temperature [107; 108; 109]. There are various methods to fabricate 3D collagen 
scaffold, mostly used include a freeze drying [110] , electrospinning [111], three-dimensional 
printing (3DP) [112] and self-assembly [113]. 
 In the freeze-drying process, also known as lyophilization, a polymer is firstly dissolved into 
a suitable solvent (water). Then, the polymer solution is cooled down below its freezing point, 
leading to the solidification of the solvent that is evaporated via sublimation, leaving a dry 
scaffold with. For this process, vacuum with high power is needed in order to come out with 
a scaffold which has numerous and interconnected pores [114]. The polymer solution 
characteristics like concentration, viscosity and the amount of aqueous phase dispersed in the 
system affect the porosity and pore size. By increasing the polymer concentration in the 
continuous phase, the dispersed aqueous phase is subjected to superior shear forces and this 
decreases the size of water domains and leads to the production of materials with lower porosity 
and smaller pores. Whereas, a decrease in the amount of water decreases average pore size 
[115; 116]. A main advantage of the technique is the possibility to avoid high temperatures that 
could reduce the activity of incorporated biological factors. Moreover, pore size can be easily 
controlled by tuning the freezing regime. The drawback of this technique is smaller pore size 
and long processing time [117]. 
 Electrospinning uses electrical charges to draw fine fibres up to the nanometer scale and 
create a nanofibrous structure with high surface areas able to adsorb proteins and binding sites 
to cell membrane receptors. A standard system requires four major components: a spinner with 
a metallic needle, a syringe pump, a high-voltage power supply and a grounded collector. The 
electric field strength overcomes the surface tension of the droplet and generates a charged 
liquid jet that is then elongated and whipped continuously by electrostatic repulsion until it is 
deposited on the grounded collector. The solvent evaporates in the process and the jet solidifies 
to form a nonwoven fibrous membrane [118; 119]. The electrospinning technique can process 
a wide range of materials in order to produce scaffolds with required morphology and porosity, 
including fibres with diameters from few microns to nanometres [120]. Another important 
feature of this technique is that the nanofibers can be functionalized via incorporation of 
bioactive species [121]. The diameter of each fibre can be controlled by altering the 
concentration and flow rate of the polymer solution and varying the distance between the needle 
and collector. A main disadvantage of electrospinning is the use of organic solvents. 
 3DP technique invented at the Massachusetts Institute of Technology can ink-jet a liquid 
binder solution onto a powder bed at room temperature conditions. The process begins with a 
binder jetting machine distributing a layer of powder onto a platform. Liquid droplets of a 
bonding agent are deposited onto the powder layer through inkjet print heads, bonding the 
particles together. The platform is then lowered, and a next layer of powder is laid out on top. 
By repeating the process of laying out powder and bonding, the parts are built up in the powder 
bed. Removal of the unbound powder reveals the fabricated part [122; 123]. The 3DP process 
can be direct or indirect. And the indirect 3DP technique at room temperature allows to fabricate 
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porous collagen scaffolds. In the indirect technique, molds are printed using plaster powder and 
biodegradable polymers are cast into the printed molds. That technique involves the fabrication 
of a simple 3D sacrificial primary template that works as a mold for a secondary one. This 
template is then removed by physical, chemical or thermal way. The limitation is restriction on 
shape or design due to demolding difficulty [124; 125]. 
 Self-assembly is defined as the autonomous organization of components into patterns or 
structures without human intervention [126]. Self-assembly of biological molecules can be 
induced by noncovalent bonds or weak covalent interactions, including electrostatic, van der 
Waals, hydrophobic interactions, ionic, hydrogen, and coordination bonds. Various 
nanofilaments of proteins can be assembled into nanofibers with a high aspect ratio, which can 
mimic the physical microenvironment of cells in vivo [127]. In the body, these nanofibers could 
wrap around cells covering long distances over their surfaces and act as cables that connect 
neighbour cells and mechanically support them by creating 3D network [128]. Despite the fact 
the self-assembly nanofibers and nanoscale network can be easily adjusted by changing pH of 
aqueous solution, fabricated 3D structures have poor mechanical properties and they are 
unstable [129]. Another limitation is the high production cost and complicated processing. On 
the other hand, self-assembly produces much thinner nanofibers than electrospinning and 
avoids the use of organic solvent thus reduce the cytotoxicity because it is carried out in aqueous 
salt solution or physiological media [130]. 
2.5 Bioceramic Components  
Pure collagen scaffolds achieve poor mechanical strength therefore bioceramics with the similar 
constituent to the intrinsic inorganic components of bone are mostly used component. In 
addition to the strength enhancement, bioceramics can also improve osteoconductive ability, 
dimensional ability and increase the surface area for cell attachment on the composite scaffold 
[131; 132]. The inorganic nature and mechanical rigidity determine bioceramics to application 
related to hard tissue repair, such as bone and teeth. However, several studies have also 
demonstrated the potential of bioceramics as an innovative way to regenerate soft tissues 
including muscle and nerve tissue regeneration, treatment of diseases affecting sense organs 
(eye and ear), embolization of neoplastic tissues, cancer radiotherapy via injectable 
microspheres and wound dressing [133; 134]. 
2.5.1 Hydroxyapatite  
Hydroxyapatite (HAp, Ca10(PO4)6(OH)2) is a naturally occurring mineral form of calcium 
apatite that crystallizes in the hexagonal crystal system (Fig. 6). It is the most commonly used 
calcium phosphate with the molar ratio of Ca/P = 1.67 which is very close to bone apatite. It 
has excellent biocompatibility, bone-bonding ability and osteoconductive properties. 
Moreover, HAp is thermodynamically the most stable calcium phosphate ceramic compound 





Fig. 6: Representative cartoon of unit cell of hexagonal HAp [137]. 
 The biology bone is mainly constructed by the inorganic (HAp) and organic components 
(especially by collagen). HAp represents 65–75 wt.% depending on the specific type of the 
bone. Apart from the bone tissue, HAp is also the main inorganic mineral constituent of enamel, 
dentine and pathologically calcified tissues [138].  
 Nano-hydroxyapatite (nano-HAp) is attracting interests as a biomaterial for use in prosthetic 
applications due its high similarity in size, crystallography and chemical composition with 
naturally occurring HAp in hard tissues [139]. 
 
Fig. 7: Scheme of hierarchical structure of bone [140]. 
 In the microstructure of cortical bone, mineralized collagen fibres form into planar 
arrangements called lamellae (3–7 μm wide). As seen in Fig. 7, in a cortical bone the lamellae 
wrap in concentric layers (3–8 lamellae) around a central canal, to form an osteon. The osteons 
have shapes of cylinders, and they are roughly parallel to the long axis of the bone [141]. The 
microstructure of trabecular bone has different fibre-like texture. HAp plates are arranged 
parallel to a common direction. In the nanostructure crystals of HAp occur at regular intervals 
along the collage fibrils, with an approximate repeat distance of 67 nm, which corresponds to 
the distance by which adjacent collagen molecules are staggered [142]. This arrangement in the 
nanometre scale enhances the isotropic properties found in bone, prevents crack propagation 
and increase toughness [143]. The formation of the apatite in the extracellular space of the 
collagen is called “biomineralization”. That process depends on different factors such as stage 
(e.g., development and fracture healing), region, age, etc. HAp nucleation is possible thanks to 
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stereochemical orientation of negatively charged groups formed by anionic proteins and type I 
collagen [135]. 
 HAp can sufficiently simulate the mineralogical structure of bone. Therefore, the 
collagen/HAp composite scaffolds have been extensively investigated and used for bone tissue 
engineering [144; 145]. Addition of HAp crystals improves compressive modulus of collagen 
scaffold that is related to the concentration of collagen, the amount of HAp, the fabrication 
method of composite and crosslinking method [146]. HAp can form direct chemical bonds with 
bone tissue and that leads to faster and better bone-bonding. Cells therefore proliferate better 
and show enhanced bioactivity on rough surfaces [147]. 
 Nano-sized HAp particles are more effective because of their immense surface area. 
Composite scaffolds nano-HAp/collagen achieve highly porous, interconnected structure and 
the higher compressive modulus than composite scaffolds containing micro-HAp crystals 
[136]. Evenly, micro-HAp crystals can make composite scaffold brittle and hardly 
biodegradable [147]. HAp crystals can be deposited to form thin HAp coatings on the scaffold 
after soaking in simulated body fluid (SBF). This way is more like a biomimetic process which 
can mimic the biochemical and biophysical properties of bone matrix. The “biomimetic” 
scaffolds are expected to take the place of the missing bone [148]. 
2.5.2 β-Tricalcium Phosphate 
β-tricalcium phosphate (β-TCP, β-Ca3(PO4)2) is another representative of calcium phosphate 
bioceramics that crystalizes in the rhombohedral crystal system. The Ca/P ratio of β-TCP is 1.5. 
It is osteoinductive and resorbable material that offers superior biochemical activity for bone 
regeneration therapies [149]. Although, β-TCP itself possessed neither intrinsic osteogenic nor 
osteoconductive properties. To promote osteogenic activity β-TCP particles must be combined 
with marrow-derived osteoprogenitor cells. Then β-TCP can activate the differentiation of 
mesenchymal stem cells (MSCs) into osteoblasts and ECM formation such as collagen type I 
and the following mineralization [150]. Moreover, incorporation of β-TCP into collagen has 
a synergistic effect on bone healing. Composite material supports better contact to surrounding 
bone tissue by swelling of the collagen component [151]. 
 Distribution of β-TCP powders in a collagen matrix effectively improves the structural and 
biological stability of the composite scaffold. Firstly, the compressive modulus of the 
composite scaffold tends to increase due to cell proliferation and the following formation of 
network structure. Then, the compressive modulus starts to decrease because of the material 
degradation. Finally, active calcification by formation and growth of mineralized nodules 
results in the recovery of modulus [152]. 
 It is observed that the promotion of cell and tissue ingrowth into the scaffold is facilitated 
by β-TCP nanoparticle modification. Scaffolds modified with β-TCP nanoparticles and basic 
fibroblast growth factor (FGF-2) can induce the formation bone structures. An important role 
in final biocompatibility plays the applied dose of nanomaterial. A high dose of β-TCP 
nanoparticles promotes high cell proliferation and vessel ingrowth. In contrast, when 
concentration of calcium ions is increased, it stimulates chemotactic responses in monocytes 
associated with macrophage differentiation and an inflammatory reaction. Therefore, overdoses 
of Ca2+ ions suppress the proliferation of cells and limit formation of the new bone tissue [153].  
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 Compared to HAp, β-TCP has a faster degradation rate and can be completely replaced by 
newly formed bone tissues. β-TCP is generally resorbed within 6 weeks after implantation, 
whereas commercially available hydroxyapatite is almost nonresorbable. Biphasic calcium 
phosphate (BCP) is the mixture of different proportions of HAp and β-TCP. It combines the 
stability of HAp with biodegradability of β-TCP. Different biodegradation rates can be achieved 
by changing the proportion of the composition phases [152; 153].  
2.5.3 α-Tricalcium Phosphate 
Tricalcium phosphate (TCP) has three polymorphic forms: β, α and α′. The last one transforms 
into the α form during cooling. It crystalizes in the monoclinic crystal system. β-TCP is stable 
at room temperature and reconstructively transforms to 1 125 °C into α-tricalcium phosphate 
(α-Ca3(PO4)2, α-TCP), which is metastable, and it is retained until room temperature [154; 155]. 
α-TCP, as well as β-TCP, is used in clinical applications in dentistry, maxilla-facial surgery and 
orthopaedics. α-TCP is the main constituent of the powder component of various hydraulic 
bone cements [156]. 
 Despite the fact that TCPs have the same chemical composition, α and β form differ 
considerably in their structure, density and solubility, which determine their biological 
properties and clinical applications. For example, α-TCP is highly more soluble and reactive 
than β-TCP therefore α-TCP is used mainly as a fine powder in the preparation of calcium 
phosphate cements. It promotes osteogenesis by increasing collagen synthesis and 
mineralization of the extracellular matrix [157]. Remains from both α-TCP and β-TCP are 
completely integrated into newly formed bone after a degradation process. Although, it is 
proven that α-TCP bone filler powder increases bone density and probably HAp created by 
hydrolysis of α-TCP play the role in enhancing osteoconducting ability [158]. 
 α-TCP is also osteoconductive and bioactive, both in vitro and in vivo. Although the content 
of α-TCP relatively make material more cytotoxic than with addition of HAp or β-TCP because 
of the phosphoric acid generated during its hydrolysis [159]. On the other hand, it is more 
bioreabsorbable than HAp, β-TCP and biphasic (HAp/β-TCP) bioceramics used in clinical 
practice. That can be used in controlling the rate of scaffold degradation as well as developing 
biodegradable carriers for controlled release of drugs, macromolecules or cells [160; 161].   
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3 MAIN GOALS OF THE WORK 
The thesis follows up previous studies dealing with the collagen-based composite scaffolds 
containing individual bioceramic particles [144; 145].The main goals of the work are to prepare 
the three-dimensional porous collagen composite scaffolds for bone tissue engineering, then to 
compare bioceramic mixtures due their solubility and particle sizes and to study the effect of 
addition of bioceramic mixtures on the scaffolds: 
 Morphology – homogeneity and inner structure, porosity, pore size and its distribution. 
 Swelling behaviour. 
 Enzymatic degradation. 
 Chemical properties – chemical interactions between bioceramic particles and the pure 
collagen matrix. 
 Mechanical properties in dry state and hydrate state that simulate physiological body 
conditions. 
 Biocompatibility – cytotoxicity, cell proliferation and osteoconductivity. 
   
32 
 
4 EXPERIMENTAL PART 
4.1 Chemicals 
 Collagen – Type I collagen, 0.5 wt% aqueous suspension, was derived from a bovine 
skin (Collado, Czech Republic) and a porcine tendon (CEITEC, Czech Republic) 
 Hydroxyapatite (HAp) calcined at 1000°C for 1 h of mean particle size 130 nm, (Riedel-
de Haën, Germany) 
 β-tricalcium phosphate (β-TCP) of mean particle size 4.21 μm which contained 89 wt% 
of β-TCP and 11 wt% of calcium pyrophosphate, (Fluka, Swiss) 
 α-tricalcium phosphate (α-TCP) of mean particle size 11.01 μm which contained 
92 wt% of α-TCP and 8 wt% of HAp, (Premier Biomaterials, Ireland) 
 N-(3-Dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride (EDC) was diluted to 
obtain 0.03M solution in 98% ethanol (w/w), (Sigma-Aldrich, Germany) 
 N-hydroxysuccinimide (NHC) was diluted to obtain 0.01M solution in 98% ethanol 
(w/w), (Sigma-Aldrich, Germany) 
 98% ethanol (PENTA, Czech Republic) 
 Sodium phosphate dibasic (Na2HPO4), (Sigma-Aldrich, Germany) 
 Isopropanol (PENTA, Czech Republic) 
 Normal saline solution (NS), (B. Braun, Inc., Germany 
 Clostridium histolyticum for general use (Type I; 0.25–1.0 FALGPA units/mg solid, 
≥125 CDU/mg solid), (Sigma-Aldrich, Germany) 
 Sodium chloride (NaCl), (Lach-Ner, Czech Republic) 
 Potassium chloride (KCl), (Lach-Ner, Czech Republic) 
 Dipotassium phosphate (KH2PO4), (Lach-Ner, Czech Republic) 
 Hydrochloric acid (HCl), (PENTA, Czech Republic) 
 Ultrapure water (type 1) was prepared on Direct-Q® 3UV Water Purification System, 
(Merck, Germany) 
4.2 Equipment  
 Disintegrator – Ultra Turrax T18 basic, (IKA, Germany) 
 Centrifuge – 5804 R, (Eppendorf, Germany) 
 Freeze-dryer – Epsilon 2-10D LSCplus, (Martin Christ, Germany) 
 Scanning electron microscope – Mira3 XMU, (TESCAN, Czech Republic) 
 Sputter coater – EM ACE600, (Leica, Germany) 
 Solids analyser – RSA-G2, (TA Instruments, USA) 
 FTIR-ATR analyser – VERTEX 70V, (Bruker, USA) 
4.3 Fabrication of Scaffolds 
An aqueous collagen suspension was used to fabricate highly porous collagen scaffold by the 
freeze-drying method. The concentration of the aqueous collagen suspension was 0.5 wt% and 
it was prepared by means of swelling of collagen in refrigerated ultrapure water and 
homogenised using a disintegrator (5 000 rpm for 10 min). Samples were centrifuged for 1 min 
at 2 000 rpm to remove air bubbles. Then the aqueous collagen suspension was poured into the 
well-plates (48 wells) and put into a freezer overnight. Afterward, they were lyophilized for 
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two days (temperature of ice condenser and shelf temperature was -80 °C and -50°C, 
respectively). 
 The highly porous collagen/HAp/β-TCP/α-TCP composite scaffolds were also fabricated by 
the freeze-drying method. The concentration of the aqueous collagen suspension was 0.5 wt% 
and it was prepared by means of swelling of collagen in refrigerated ultrapure water and 
homogenised using disintegrator (5 000 rpm for 10 min). Bioceramics components were stirred 
in small volume of the refrigerated ultrapure water let it swell (for 15 min). Then, small amounts 
of bioceramic suspension were gradually added to the homogenised collagen suspension, while 
the mixture was homogenised again using a disintegrator (5 000 rpm for 5 min) to prevent 
a precipitation. Then the collagen/bioceramic suspension was poured into the well-plates 
(48 wells) and put into a freezer overnight. Finally, they were lyophilized for two days 
(temperature of ice condenser and shelf temperature was -80°C and -50 °C, respectively). 
 5 types of highly porous collagen and collagen/HAp/β-TCP/α-TCP composite scaffolds 
were prepared. The composition of each type is listed in Table 5. Samples had the cylindrical 
shape with an average diameter of 8 mm and an average length of 10 mm except samples 1B 
which have an average diameter of 6 mm and average length of 7 mm. 














Weight ratio  
HAp : β-TCP : α-
TCP 
1A col bov 1A 100 0 0 - 
1B col pig 1B 0 100 0 - 
2A HAP TCP 2A 50 0 50 50 : 45 : 5 
3A HAP TCP 3A 50 0 50 25 : 70 : 5 
4A HAP TCP 4A 50 0 50 75 : 20 : 5 
 Both, the porous collagen and collagen/HAp/β-TCP/α-TCP composite scaffolds were cross-
linked by using the crosslinking agent with carbodiimides – N-(3-Dimethylaminopropyl)-N´-
ethylcarbodiimide hydrochloride/ N-hydroxysuccimide (EDC/NHS) in ethanol as a solvent 
according to Sloviková [162]. Briefly, the cross-linking solution was added directly to the 
scaffolds in well-plates and stayed there for next 2 h at room temperature. After that, the 
scaffolds were washed with 0.1 M Na2HPO4 two times for 30 min and with ultrapure water 
three times for 30 min. Finally, the scaffolds were poured with ultrapure water and put into 
a freezer overnight. Then they were lyophilized for two days to eliminate water content without 
loss of structural integrity 
4.4 Characterization of the Scaffolds 
4.4.1 Morphology  
The morphology and microstructure of lyophilized scaffolds were investigated by means of 
scanning electron microscopy (SEM). Prior the SEM analysis, the prepared scaffolds (one from 
each group) were frozen in liquid nitrogen for few minutes to get stiffer samples. Then they 
were carefully cut into 3 mm slices with a scalpel to expose the internal structure. They were 
attached to aluminium pin stubs using a carbon tape (Fig. 8). After that, samples were sputter 
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coated with 10 nm of Au/Pd layer and imaged by SEM in the secondary electron emission mode 
at a voltage of 10 kV acceleration voltages and working distance 20–30 mm.  
 
Fig. 8: Image of scaffolds on aluminium pin stubs prepared for SEM analysis. 
 The pore size of the scaffolds was determined from SEM images in which the applied 
magnification was 52× and resolution of 4 mm. Data was imported to ImageJ software and then 
at least 20 pores were measured in a perpendicular direction through the long axis and minor 
axis.  
4.4.2 Porosity 
The porosity value of the scaffolds was evaluated by two methods: 
1. Liquid displacement method (using Archimedes principle).   
2. Using pictures from the SEM analysis and software ImageJ. 
Results from both methods were then compared.  
 When the porosity of the scaffolds was measured by liquid displacement method, each 
sample was thoroughly immersed into glass bottle filled with isopropanol that was not a solvent 
of the scaffold, penetrated into pores easily and did not cause swelling of the material. The 
scaffold with the isopropanol soaked into the pores was removed from the bottle (Fig. 9). Three 
cylindrical samples with an average diameter of 8 mm and an average length of 10 mm were 
tested in each group except samples 1B which have an average diameter of 6 mm and average 
length of 7 mm. The porosity was then determined by using equation (1): 
Porosity (%) = w2 w3 wsρiw1 w3
ρi
∙ 100, (1) 
where w1 is the weight of the glass bottle filled with isopropanol, w2 is the weight of the glass 
bottle after the immersion of the scaffold, w3 is the weight of the glass bottle with isopropanol 





Fig. 9: The representative images of the dry scaffold (left) and the scaffold immersed in isopropanol 
(right). 
 The second method used greyscale images from SEM analysis in which the applied 
magnification was 52× and used resolution of 4 mm. Binary images were created using 
software ImageJ and the function thresholding. Then area fraction was calculated.  
4.4.3 Swelling Behaviour  
The swelling behaviour of each scaffold was quantitively evaluated based on the swelling ratio. 
The porous scaffolds were immersed in normal saline solution at 37 °C (for 5, 10, 15, 20, 30, 
45, 60, 90 and 120 min) until a stable mass was obtained. Three cylindrical samples with an 
average diameter of 8 mm and an average length of 10 mm were tested in each group except 
samples 1B which have an average diameter of 6 mm and average length of 7 mm.  
 At each sampling time the scaffolds were moved from NS and the excess of NS was removed 
using the filter paper and then they were weighed. The swelling ratio was then calculated using 
the following equation (2): 
Swelling Ratio = wwet − wdry
wdry
, (2) 
where wdry is the initial weight of the dried scaffold and wwet is the weight of the scaffold with 
soaked NS [163]. 
4.4.4 Enzymatic Degradation 
The enzymatic in vitro degradation of the scaffolds was performed using bacterial collagenase 
from Clostridium histolyticum in phosphate-buffered saline (PBS) that was prepared according 
recipe in Table 6 by dissolving reagents in ultrapure water and adjusting pH to physiological 
value of 7.4 with HCl [164]. Three cylindrical samples with an average diameter of 8 mm and 
an average length of 10 mm were tested in each group except samples 1B which have an average 




Table 6: PBS recipe. 
Reagent cm [g∙dm-3] 
NaCl 8.0266 
KCl 0.2212 
Na2HPO4∙12 H2O 3.6618 
KH2PO4 0.2334 
 Firstly, the scaffolds were placed in PBS solution for 1 h, incubated at 37 °C and then they 
were taken from the solution, the excess of PBS was removed using the filter paper and they 
were weighed. Subsequently, the scaffolds were immersed in PBS solution with the added 
collagenase (2.2 mg/ml) and again they were incubated at 37 °C. The selected concentration of 
the collagenase approximately corresponded to the physiological concentration found in the 
skin or synovial fluid [165; 166].  
 At the given times (1, 2, 4, 8, 24, 48 and 72 h), the scaffolds were removed from the medium, 
squeezed between filter papers and they were weighed. Finally, the enzymatic in vitro 
degradation of the scaffolds was evaluated by means of the determination of weight loss 
according the following equation (3): 
Weight Loss (%) = w − wt
wi
∙ 100, (3) 
where wi is the initial weight of the scaffold which was immersed 1 h in PBS solution at 37 °C 
and then the excess of PBS was removed using the filter paper, wt is the weight of the scaffold 
after time t [167]. 
4.4.5 Attenuated Total Reflection Infrared Spectrometry 
In order to notice the chemical interaction of HAp, β-TCP, α-TCP and collagen infrared analysis 
was performed using attenuated total reflection spectrometry (ATR-FTIR). Scaffolds were cut 
into 3 mm slices that were placed directly onto the diamond crystal for data acquisition. Small 
amount of bioceramic powders used in composite scaffolds were measured analogously to the 
scaffolds.  All spectra were recorded in transmittance mode by collecting 32 scans in a spectral 
range of 4 000–600 cm-1 with a resolution of 4 cm-1 using software OPUS (Bruker, USA). 
A sample compartment and optic ways of the device were evacuated during whole recording. 
4.4.6 Mechanical Properties 
In order to describe the mechanical behaviour of the scaffolds in dry and hydrated states, 
compression tests were performed by means of the adaption of the ISO 13314 standard [168] 
which refers to the mechanical testing of porous and cellular metals. The mechanical properties 
of the scaffolds were measured on both dry samples and samples hydrated in NS conditioned 
at 37 °C for 5 min. Five cylindrical samples with an average diameter of 8 mm and an average 
length of 10 mm were tested in each group except samples 1B which have an average diameter 
of 6 mm and average length of 7 mm. 
 Plateau stress and energy absorption were determined using RSA-G2 Solids Analyzer in the 
compression mode (Fig. 10). The measurements were carried out at a constant linear rate of 
0,05 mm∙s-1 and at an axial force of 0.05 N for dry state and 0.01 N for hydrated state. The 
maximum gap change was chosen so that compressive strain was 50 %.  
37 
 
 The stress-strain curves obtained were used to determine mechanical properties as follows: 
plateau stress (σpl) was defined as the arithmetical mean of the stresses between 20 % and 30 % 
of compressive strain. Energy of absorption (W) was calculated as the area under the stress-
strain curve up to 50 % of strain. Finally, energy absorption efficiency (We) was calculated as 
energy absorption divided by upper limit of the compressive strain (ε0) and the compressive 
stress at the upper limit of the compressive strain (σ0). The upper limit of the compressive strain 
was 50 %. 
 In this context, plateau stress represents the closest concept to that of yield stress 
respectively, which is employed for solid materials. In order to simplify the comparison of 
sample’s results and the results of other studies, it was assumed that plateau stress represents 
compressive strength [169; 170].  
  
Fig. 10: Image of the geometry of RSA-G2 Solids Analyzer in the compression mode; left – 
measurement of hydrated scaffold where the geometry is immersed in NS, right – measurement of dry 
scaffold. 
4.4.7 Biological Properties 
The ability of the scaffolds to induce the osteogenic differentiation of human mesenchymal 
stem cells derived from bone marrow was evaluated by cell experiment that was performed by 
the Institute of Experimental Medicine, Prague. Each scaffold was seeded with 7 000 cells 
which were pre-cultured in a tissue culture flask with cell growth medium consisting of alpha-
minimal essential medium (α-MEM) supplemented with 10% fetal bovine serum (FBS), 
1% penicillin-streptomycin, calcium ascorbate-2-monophosphate (50 μg∙ml-1), 10 mM of 
glycerol-2-monophosphate and 100 nM of dexamethasone. The experiment lasted 35 days and 
data were collected after 1, 7, 14, 21, 24 and 35 days.  
 The cell viability was monitored by the double stranded deoxyribonucleic acid (dsDNA) 
quantification test that was based on increasing fluorescent intensity that is observed when 
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PicoGreen binds to dsDNA. The fluorescent intensity of the PicoGreen dye was measured with 
a spectrofluorometer capable of producing the excitation wavelength of ~480 nm and recording 
at the emission wavelength of ~520 nm. The DNA was then quantified by comparison of the 
sample fluorescence to the fluorescence of a set of standards that were included in every sample 
run. Nuclea and cytoplasm were also visualized by dyeing DiOC/PI. Moreover, it was observed 
how deep into the scaffold cells penetrated. The rate of induction of osteogenic differentiation 
was assessed by the relative expression of mRNA (qPCR) of specific osteogenic marker – the 
transcription factor RunX2 (Runt-related transcription factor 2).  
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5 RESULTS AND DISCUSSION  
5.1 Morphology 
The cross-section morphologies of the pure collagen scaffolds and the collagen/HAp/β-TCP/α-
TCP composites were evaluated through SEM imaging. The micrographs of the pure collagen 
scaffolds (1A and 1B) are reported in  
Fig. 11 and the micrographs of the collagen/HAp/β-TCP/α-TCP composite scaffolds (2A, 3A 
and 4A) are shown in Fig. 12. All scaffolds showed relatively similar highly porous 3D structure 
with high degree of interconnectivity, very similarly with the spongious bone.  
 The pore shape of the bovine collagen scaffold (1A) appeared relatively more regular and 
round-shaped compared to them of the porcine collagen scaffold (1B) in which the pores looked 
rather oval-shaped, elongated in one axis. Mineral phase in collagen/HAp/β-TCP/α-TCP 
composite scaffolds (2A, 3A and 4A) also made them irregular with elongated pores, but still 
they had more regular and complex architecture than samples of the porcine collagen scaffolds. 
 
Fig. 11: SEM images of pure collagen scaffolds; overall view on the sample (left) and magnification 






Fig. 12: SEM images of the collagen/HAp/β-TCP/α-TCP composite scaffolds; overall view on the 









Fig. 13: SEM images of the pore walls of the pure collagen scaffolds 
 







 The morphology of the pore walls of the pure collagen scaffolds and the collagen/HAp/β-
TCP/α-TCP composite scaffolds is illustrated in Fig. 13 and Fig. 14. Pores of the pure collagen 
scaffolds (1A and 1B) were defined by the walls with smooth surface. The pore formation 
during freeze-drying and crosslinking were related to the reduction of the collagen fibres in 
between pores which were accompanied with a formation of more sheet-like structures and 
condensed walls. On the contrary, particles of HAp, β-TCP and α-TCP that were well adhered 
on collagen matrix (samples 2A, 3A and 4A) as shown in Fig. 15, made the surface of the pore 
walls much rougher. They were also defined by sheet-like structures and condensed walls, 
although the sample 2A, 4A and especially 3A (sample with the predominance of TCPs 
particles) contained more collagen fibres in between pores unlike the pure collagen scaffolds 
(1A and 1B). It could be caused by TCPs particles and as shown in Fig. 14, the higher was 
content, the more fibrillar and relaxed was structure of the walls.  
 









 The pore size was measured by using software ImageJ. The pore size average and its standard 
deviation of the pure collagen scaffolds and the collagen/HAp/β-TCP/α-TCP composite 
scaffolds are reported in Table 7. The pore size distribution of the pure collagen scaffolds and 
the collagen/HAp/β-TCP/α-TCP composite scaffolds is illustrated in Fig. 16. The largest pores 
and at the same time the widest distribution of pore size of all samples had the porcine collagen 
scaffolds (1B). Contrary, the bovine collagen scaffolds (1A) had the narrowest distribution of 
pore size. The average pore size decreased by 20 % compared to the porcine collagen samples 
(1B). This difference in pore size and size distribution could be explained on molecular 
difference between collagens from each source. Previously published amino acid sequencing 
data for type I collagen showed differences between bovine and porcine collagens, eventually 
resulting in source-dependant variations [171]. Although, the fabrication method of these two 
collagen types could be further optimized by modifying the freeze-drying procedure in order to 
achieve the desired pore size. 
 The addition of bioceramics to the collagen matrix decreased mean pore size approx. by 
20 % (about 100 μm). The width distribution of the pore size was almost identical to each other 
and wider than by the bovine collagen scaffolds (1A) and narrower than by the porcine collagen 
scaffolds (1B). The average pore size was increasing with higher ratio of TCPs in samples that 
could be explained by the influence of bioceramic on hydrophilicity of collagen. Insoluble HAp 
particles made scaffold less hydrophilic than in case of TCPs particles therefore they allow the 
aqua-porogen create smaller pores. 
Table 7: The pore size average and its standard deviation of pure collagen scaffolds and collagen/HAp/β-
TCP/α-TCP composite scaffolds. 
Sample Pore size average [μm] 
1A 471 ± 127 
1B 568 ± 252 
2A 388 ± 151 
3A 407 ± 142 






Fig. 16: The pore size average of the pure collagen scaffolds and the collagen/HAp/β-TCP/α-TCP 
composite scaffolds. 
 The pore size remained in a range of 170–500 μm except the porcine collagen scaffolds (1B) 
that remained in a range of 200–750 μm. It was reported that the optimum pore size to promote 
cell proliferation and migration in a bone tissue engineering was 325 μm. Larger pores then 
should provide an environment in which cells are not too tight and had good spreading, and 
multiple layers of cells could grow in multiple directions [172]. Thus, the bovine collagen 
scaffolds (1A) and collagen/HAp/β-TCP/α-TCP composite scaffolds (2A, 3A and 4A) should 
provide a superior substrate for the cell attachment and cell growth. 
5.2 Porosity 
As already mentioned above the microstructure such as pore size and its distribution, pore shape 
as well as porosity has the prominent influence on the cell intrusion, proliferation and function 
in tissue engineering. Therefore, the porosity of the pure collagen scaffolds and the 
collagen/HAp/β-TCP/α-TCP composite scaffolds was determined by two methods, which one 
of them was based on Archimedes principle and the second one was based on processing 
a binary image from a SEM image by ImageJ. Results of both methods are shown in Fig. 17 
and the comparison of values from both methods is reported in Table 8. Using Archimedes 
principle, it was found that all samples were highly porous, and the porosity remained in a 





Fig. 17: The comparison of the porosity of the pure collagen scaffolds and the collagen/HAp/β-TCP/α-
TCP composite scaffolds determined by using Archimedes principle and ImageJ method. 
 Using Archimedes principle, it was found that slightly more porous than the pure collagen 
scaffolds (1A and 1B) were collagen/HAp/β-TCP/α-TCP composite scaffolds (2A, 3A and 4A). 
The porosity of the individual samples 2A, 3A and 4A was nearly the same. Interactions 
between the bioceramic phase and the collagen could limit the collagen in self-assembly process 
which resulted in a higher porosity. It was not observed any effect of specific bioceramic 
particles on porosity, they functioned as a mixture.  
 The porcine collagen scaffolds (1B) were the least porous and that could be explained again 
on molecular difference between collagens from each source. From the perspective of the 
porosity that ensures the transport of nutrients, metabolites and cell proliferation, the porcine 
collagen scaffolds were not as suitable as other tested scaffolds for using in tissue engineering.  
Table 8: The comparison of the average porosity and the standard deviation of the pure collagen 
scaffolds and the collagen/HAp/β-TCP/α-TCP composite scaffolds determined by using Archimedes 
principle and software ImageJ. 








1A 97.2 ± 0.2 82.7 ± 1.4 
1B 96.0 ± 0.2 78.7 ± 1.4 
2A 97.9 ± 0.3 82.9 ± 0.8 
3A 97.7 ± 0.2 83.4 ± 1.0 
4A 98.0 ± 0.2 84.3 ± 0.7 
 Using ImageJ software was found that the porosity of all samples remained in a lower range 
78–84 %. The trend of porosity among tested samples was almost identical with samples 
measured by using Archimedes principle, but values were decreased by 15 % (as seen in Fig. 
17). Such a difference probably arose by converting a 3D SEM image into a 2D binary image 
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using threshold. When SEM images of very thin cuts of samples were used to reduce a distortion 
by 3D structures as much as possible, it could be achieved similar values which were measured 
by using Archimedes principle. On the other hand, processing of very thin cuts of the collagen 
scaffolds could be problematic to get under the condition that the pore shape was not deformed 
anyway.  
5.3 Swelling Behaviour 
The water absorption capacity of pure collagen scaffolds and collagen/HAp/β-TCP/α-TCP 
composite scaffolds was determined by equilibrium swelling studies and results are 
demonstrated in Fig. 18 by a swelling ratio dependence on time. Swelling was very closely 
related to pore size and porosity of the samples. All samples were swollen for 15 minutes at the 
constant weight. The pure collagen scaffolds achieved the highest swelling ratio, especially the 
porcine collagen scaffolds (1B) which had the largest mean pore size from all scaffolds. The 
swelling ratio of the bovine collagen scaffolds (1A), with higher degree of porosity but a smaller 
mean pore size, was close to the porcine collagen scaffolds (1B).  
 The content of bioceramic particles decreased significantly hydrophilic characteristics of the 
collagen/HAp/β-TCP/α-TCP composite scaffolds (2A, 3A and 4A). Water-insoluble HAp 
particles made the scaffolds the least hydrophilic, but quite stable. Therefore, the sample 4A 
with a high content of HAp got swollen after 15 min and stayed weight stable over the entire 
length of the experiment. Water-soluble TCPs particles made the scaffolds still hydrophilic but 
not as much as HAp particles. The sample 3A with a high content of soluble TCPs got swollen 
after 15 min and then the weight decreased. It was probably caused by washing out of TCPs 
particles from the scaffold.  
 





5.4 Enzymatic Degradation 
The in vitro degradation test of the pure collagen scaffolds and the collagen/HAp/β-TCP/α-TCP 
composite scaffolds was investigated by monitoring the mass loss depending on the exposure 
time to the collagenase solution. The biodegradation results of the pure collagen scaffolds and 
the collagen/HAp/β-TCP/α-TCP composite scaffolds are demonstrated in Fig. 19. 
 
Fig. 19: The mass loss of the pure collagen scaffolds and the collagen/HAp/β-TCP/α-TCP composite 
scaffolds during enzymatic degradation after 1, 2, 4, 8, 24, 48 and 72 hours of degradation. 
 Pure collagen scaffolds achieved after 72 hours the greatest mass loss when only 52 % 
remained of the bovine collagen scaffolds (1A) and 50 % remained of the porcine collagen 
scaffolds (1B). At beginning, their degradation rate was slightly higher, although, after 24 hours 
their weights significantly decreased compared to the collagen/HAp/β-TCP/α-TCP composite 
scaffolds (2A, 3A and 4A). Also, there were visible changes in the structure of pure collagen 
scaffolds. They became softer and tended to fall apart, especially the porcine collagen scaffolds 
(1B). The irregular morphology of the porcine collagen enhanced the accessibility of 
collagenase to the peptide bonds, thus the degradation occurred easier.  
 Bioceramic particles apparently stabilized the collagen scaffolds against the collagenase 
activity.  Their mass loss was 30–40 % after 72 hours of degradation and there were not visible 
changes in the structure compared to the pure collagen scaffolds (1A and 1B). Their addition 
made the collagen/HAp/β-TCP/α-TCP composite scaffolds (2A, 3A and 4A) less hydrophilic, 
so that the collagenase in PBS solution could not get to the collagen matrix so easily as in pure 
collagen scaffolds. The sample with predominance of HAp (4A) was the most stable as the 
hydrophilicity of composite scaffold was the lowest. On the contrary, the sample with 
predominance of β-TCP (3A) was the least stable against degradation. Surely, the mass loss 
was also influenced by washing out of unbounded bioceramic particles from scaffold and by 
dissolution of TCPs as was observed in sample with predominance of β-TCP (3A).  
 The weight of both, the pure collagen scaffolds and the collagen/HAp/β-TCP/α-TCP 
composite scaffolds did not change much after 24-hour degradation that could be caused by the 
exhaustion of an enzyme activity of the collagenase.  
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5.5 Attenuated Total Reflection Infrared Spectrometry 
The pure collagen scaffolds (1A and 1B), the bioceramic particles and the collagen/HAp/β-
TCP/α-TCP composite scaffolds (2A, 3A and 4A) were characterized by ATR-FTIR 
spectrometry and recorded infrared spectra are demonstrated in Fig. 20–Fig. 22. Assignments 
of the observed vibrational frequencies and their referenced range of wavenumber for the pure 
collagen scaffolds, the bioceramic particles and the collagen/HAp/β-TCP/α-TCP composite 
scaffolds are noted in Table 9–Table 11. These studies were performed to ensure that the cross-
linking with bioceramics has not affected the chemistry of collagen. This could be important 
considering that cells are more prone to attach surfaces containing natural binding sites [174]. 
 
Fig. 20: ATR-FTIR spectra of the pure bovine collagen scaffolds (1A) and the pure porcine collagen 
scaffolds (1B). 
 ATR-FTIR spectra of both pure collagen scaffolds (1A and 1B) were quite similar and 
showed typical bands of type I collagen (as seen in Fig. 20 and in Table 9). These included the 
main absorption bands of amide A (little intense), amide B (little intense), amide I, amide II 
and amide III. The amide A band was a result of a free N–H stretching vibration and should 
occurred in the range of 3440–3400 cm-1 but the peak was found at ~3300 cm-1. The band 
position was shifted because of the NH group of a peptide that was involved in hydrogen 
bonding, probably with a carbonyl group of the peptide chain [175]. The amide B band that was 
found at wavenumbers of ~3080 cm-1 represented the asymmetrical stretching of C–H group. 
The amide I peak at ~1650 cm-1 was associated with stretching vibrations of carbonyl groups 
(C=O bond), along polypeptide backbone. The amide II peaks at ~1450 cm-1 and ~1550 cm-1 
were resulting from N–H bending vibration coupled with the stretching vibration C–N bond. 
The amide III peaks at ~1240 cm-1, ~1340 cm-1 and ~1400 cm-1 were related to CN stretching 






















also indicated that these functional groups could be still available to promote cell attachment to 
collagen [177].  
 The spectra contained little intense bands in the range of 2940–2850 cm-1 that corresponded 
to asymmetrical stretching of CH2 and symmetrical stretching of CH3 groups in chain and bands 
in the range of 710–640 cm-1 that were related to out of plane bending of N–H. Moreover, the 
spectra showed non-typical bands at the range 1150–850 cm-1. Especially in the spectrum of 
the bovine collagen scaffolds (1A), these bands were very intensive. This range corresponded 
to asymmetric and symmetric stretching of PO. It could be related to improperly washed out 
hydrogen phosphate which was used for washing the scaffolds after crosslinking. 
Table 9: Assignments of the observed vibrational frequencies and their referenced range of the 













3323 3370–3270 Amide A –CONH– 
[178; 179; 
180; 181] 
3082 3100–3070 Amide B –CONH– 
2933 2995–2915 νas(CH2) –CH2– 
2878 2895–2840 νs(CH3) –CH3 
1655 1720–1600 Amide I –CONH– 
1553, 1452 1600–1450 Amide II –CONH2 
1396 1420–1400 Amide III –CONH2 
1336 1350–1310 Amide III –CONH– 
1280, 1238 1305–1200 Amide III –CONH– 
1147 1250–1100 νs(PO) HPO42- 
1072, 950 1100–900 νas(PO) HPO42- 
858 880–850 ν(PO) HPO42- 
711, 682, 646, 
621 
770–620 γ(NH) –CONH– 
1B 
3313 3370–3270 Amide A –CONH– 
[178; 179; 
180; 181] 
3078 3100–3070 Amide B –CONH– 
2937 2995–2915 νas(CH2) –CH2– 
2877 2895–2840 νs(CH3) –CH3 
1650 1680–1630 Amide I –CONH– 
1546, 1452 1600–1450 Amide II –CONH2 
1398 1420–1400 Amide III –CONH2 
1338 1350–1310 Amide III –CONH– 
1238, 1205 1305–1200 Amide III –CONH– 
1159 1250–1100 νs(PO) HPO42- 
1080, 943 1100–900 νas(PO) HPO42- 
860 880–850 ν(PO) HPO42- 





Fig. 21: ATR-FTIR spectra of the bioceramic particles used in the samples. 
Table 10: Assignments of the observed vibrational frequencies and their referenced range of the 













3572 3670–3400 ν(OH) –OH 
[178; 179] 1087, 1031,962 1100–900 νas(PO) PO43- 
630 770–600 γ(OH) –OH 
β-TCP 
1217, 1119 1250–1100 νs(PO) PO43- 
[178; 179; 
182] 
1022, 973, 946 1100–900 νas(PO) PO43- 
726 750–700 νs(POP) P2O74- 
605 600–500 δ(PO) PO43- 
α-TCP 
1024, 964 1100–900 νas(PO) PO43- [178; 179] 
686 770–600 γ(OH) –OH ¨ 
 Bioceramic particles content was mainly determined by bands located between 1200–
900 cm-1 in spectra of collagen/HAp/β-TCP/α-TCP composite scaffolds. The all spectra of 
collagen/HAp/β-TCP/α-TCP composite scaffolds contained intensive vibrational bands of HAp 
(as shown in Fig. 21 and Table 10) which were results of asymmetric stretching of PO (1087, 
1031, 962 cm-1) and out of plane bending of O–H (630 cm-1). The spectrum of the sample 3A 
also showed some of specific bands of β-TCP (Fig. 21 and Table 10) which were results of 
asymmetric stretching of PO (973, 946 cm-1) and symmetric stretching of POP (723 cm-1) from 












Fig. 22: ATR-FTIR spectra of the collagen/HAp/β-TCP/α-TCP composite scaffolds (2A, 3A and 4A). 
 ATR-FTIR spectra of the collagen/HAp/β-TCP/α-TCP composite scaffolds (Fig. 22 and 
Table 11) were also quite the same and showed typical bands of type I collagen which were 
approximately at similar wavenumbers as in the spectrum of the bovine collagen scaffold. The 
amide A and the amide B band position shifted towards lower wavenumbers (from 3323 cm-1 
up to 3313 cm-1) indicated the formation of bonds between bioceramic particles and the collagen 
matrix. The shift of amide A to lower wavenumbers was more significant in the samples with 
HAp predominance (4A) than in the samples with β-TCP predominance (3A) that could mean 
that bonds between HAp and collagen were stronger than between β-TCP and collagen. Another 
small shift towards lower wavenumbers occurred with the band of amide I. That could be related 
to new chelate bonds between Ca2+ and C=O bond. As the spectra of pure collagen scaffolds, 
the spectra of composite scaffolds also contained little intense bands in the range of 2940–
2850 cm-1 that corresponded to asymmetrical stretching of CH2 and symmetrical stretching of 
CH3 groups in chain. Again, there was a presence of non-typical bands (of lower intensity 
compared to the bovine collagen scaffold) at the range 1150–850 cm-1 related to unproperly 
washed out hydrogen phosphate which was used for washing the scaffolds after crosslinking. 
Table 11: Assignments of the observed vibrational frequencies and their referenced range of 













3315 3370–3270 Amide A –CONH– 
[178; 179; 
180; 181] 
3076 3100–3070 Amide B –CONH– 
2935 2995–2915 νas(CH2) –CH2– 
2875 2895–2840 νs(CH3) –CH3 
Amide A, B 
Amide A, B 
Amide A, B 
Amide I, II, III 
Amide I, II, III 

























1649 1680–1630 Amide I –CONH– 
1550, 1452 1600–1450 Amide II –CONH2 
1398 1420–1400 Amide III –CONH2 
1350 1350–1310 Amide III –CONH– 
1238 1305–1200 Amide III –CONH– 
1149 1200–900 νas(PO) HPO42- 
1087, 1032, 962 1100–900 νas(PO) PO43- 
860 880–850 ν(PO) HPO42- 
723 750–700 νs(POP) P2O74- 
632 770–600 γ(OH) –OH 
3A 
3317 3370–3270 Amide A –CONH– 
[178; 179; 
180; 181] 
3074 3100–3070 Amide B –CONH– 
2933 2995–2915 νas(CH2) –CH2– 
2879 2895–2840 νs(CH3) –CH3 
1649 1680–1630 Amide I –CONH– 
1549, 1450 1600–1450 Amide II –CONH2 
1400 1420–1400 Amide III –CONH2 
1344 1350–1310 Amide III –CONH– 
1236 1305–1200 Amide III –CONH– 
1148 1200–900 νas(PO) HPO42- 
1086, 1032, 972, 
946 
1100–900 νas(PO) PO43- 
860 880–850 ν(PO) HPO42- 
723 750–700 νs(POP) P2O74- 
632 770–600 γ(OH) –OH 
4A 
3313 3370–3270 Amide A –CONH– 
[178; 179; 
180; 181] 
3074 3100–3070 Amide B –CONH– 
2933 2995–2915 νas(CH2) –CH2– 
2879 2895–2840 νs(CH3) –CH3 
1649 1680–1630 Amide I –CONH– 
1550, 1456 1600–1450 Amide II –CONH2 
1396 1420–1400 Amide III –CONH2 
1238 1305–1200 Amide III –CONH– 
1149 1200–900 νas(PO) HPO42- 
1087, 1033, 962 1100–900 νas(PO) PO43- 
860 880–850 ν(PO) HPO42- 





5.6 Mechanical Properties 
The mechanical properties of the scaffolds in dry and hydrated states obtained in the study are 
illustrated in Fig. 23 (dry state) and in Fig. 24 (hydrated state), results and their standard 
deviations are noted to Table 12. The mechanical properties of the scaffolds in dry state were 
mainly influenced by inner morphology of the scaffolds and in hydrated state (in simulated 
body conditions) by their composition.  
 The bovine collagen scaffolds (1A) with the most regular inner morphology achieved the 
highest compressive stress represented by plateau stress. A quite regular architecture of the 
sample could work as a reinforcing component. The scaffolds containing bioceramic particles 
(2A, 3A and 4A) reached slightly lower compressive stresses. Composite collagen scaffolds 
were prepared by freeze-drying and cross-linking always with a content of bioceramic phase, 
because of this, particles were well adhered to the collagen matrix whereas made it more brittle.  
The porcine collagen scaffolds (1B) achieved the lowest value of compressive stress due to the 
irregular inner structure with large and highly elongated pores in one axis.  
 A different trend was observed by compressive strength of all the samples following 
hydration. The compressive strength of the all samples significantly decreased (by 100×). The 
lowest compressive stress was achieved by bovine collagen scaffolds (1A). Contrary, 
bioceramic particles demonstrated as reinforcing component of the scaffolds and also, they 
decreased hydrophilicity of the scaffold, so they prevent the normal saline solution to weak the 
collagen matrix. The porcine collagen scaffolds (1B) reached the highest value of compressive 
stress, although that was caused by the geometry and structure of the samples. The results of 
compressive stress of the samples 1B that were obtained during the compression test in the 
hydrated state did not match values of the porous sample. The pore structure of 1B absolutely 
collapsed after the hydration, and the response of the bulk material was measured instead.  
 
Fig. 23: Plateau stress (compressive strength) of the pure collagen scaffolds and the collagen/HAp/β-





Fig. 24: Plateau stress (compressive strength) of the pure collagen scaffolds and the collagen/HAp/β-
TCP/α-TCP composite scaffolds in hydrated state. 
  In contrast to previous findings, energy absorption efficiency in hydrated state significantly 
decreased only in the bovine collagen scaffolds (1A; by 26 %) compared to collagen/HAp/β-
TCP/α-TCP composite scaffolds (2A, 3A and 4A) where the decrease was very small, almost 
insignificant. This parameter represented the ability of the material to effectively absorb 
deformation energy. A comparison of energy absorption efficiency in the dry state and hydrated 
state indicated relatively small changes in the inner structures of the bovine collagen scaffolds 
(1A) and collagen/HAp/β-TCP/α-TCP composite scaffolds (2A, 3A and 4A) following 
hydration.  
 The pure porcine collagen scaffolds (1B) showed even increase of energy absorption 
efficiency following hydration, although that was related the geometry and structure of the 
samples as reported previously. The measured values of energy absorption efficiency did not 

























Fig. 25: Energy absorption efficiency of the pure collagen scaffolds and the collagen/HAp/β-TCP/α-
TCP composite scaffolds in dry and hydrated states. 
Table 12: Results and their standard deviations of mechanical testing of the pure collagen scaffolds and 
the collagen/HAp/β-TCP/α-TCP composite scaffolds. 
Sample 
Plateau stress in 
dry state 
[Pa] 









hydrated state  
[%] 
1A 4931 ± 368 327 ± 44 58 ± 2 46 ± 3 
1B 2327 ± 252 671 ± 198 33 ± 3 38 ± 1 
2A 4339 ± 224 408 ± 111 41 ± 3 38 ± 5 
3A 4658 ± 355 389 ± 42 39 ± 3 39 ± 2 
4A 4139 ± 515 488 ± 63 45 ± 2 40 ± 2 
5.7 Biological Properties 
Number of cells living on the pure collagen scaffolds (1A and 1B) and collagen/HAp/β-TCP/α-
TCP composite scaffolds (2A, 3A and 4A) were quantified using dsDNA test and the results 
are demonstrated in Fig. 26. The visualisation of the number of cells on scaffolds is shown in 
Fig. 27 and the depth penetration of cells is shown in Fig. 28. None of the tested scaffolds were 
cytotoxic. Cells in all samples proliferated during whole experiment, indicating sufficient 
mechanical stimulation by their environment.   
 The most preferable environment for cell adhesion and proliferation was after 21 days in the 
bovine collagen scaffolds (1A). The collagen itself promoted high cell adhesion and cell 
proliferation as seen in Fig. 26–Fig. 28. The porcine collagen scaffolds (1B) also provided 
environment for cell adhesion and proliferation especially thanks his largest mean pore size, 
although cells did not have appropriate stimuli to proliferate more and differentiate, then they 





















Fig. 26: Amount of cellular dsDNA on the pure collagen scaffolds and the collagen/HAp/β-TCP/α-
TCP composite scaffolds after 1, 7, 14 and 21 days. 
 
Fig. 27: Images from fluorescence microscope of cells (DiOC/PI dyeing) on the pure collagen scaffolds 
and the collagen/HAp/β-TCP/α-TCP composite scaffolds, nuclea of cells are red and cytoplasm is green; 
upper row – after 1 day, middle row – after 14 days, bottom row – after 21 days. 




Fig. 28: Images of depth projection of cell penetration into the pure collagen scaffolds and the 
collagen/HAp/β-TCP/α-TCP composite scaffolds; upper row – after 1 day, max depth 150 μm, middle 
row – after 14 days, max depth 200 μm, bottom row – after 21 days, max depth 200 μm; the red coloured 
is the deepest. 
 Addition of HAp and TCPs particles to the collagen matrix in ratio 1 : 1 (sample 2A) 
enhanced cell adhesion and cell proliferation sufficiently and even better after 7 and 14 days 
compared to the bovine collagen scaffolds (1A). TCPs particles that were more soluble and 
resorbable than HAp promoted mainly cell adhesion and proliferation at beginning (2A, 3A and 
4A) as shown in Fig. 27 and Fig. 28. On the other hand, insoluble and hardly absorbable HAp 
particles should particularly support cell differentiation in late phases of experiment. As shown 
in Fig. 26 the samples with the predominance of HAp (4A) had the least appropriate 
environment for cell living from all composite scaffolds because they did not create 
environment attractive enough for cells at beginning of the experiment. The samples with 
predominance of β-TCP (3A) provided a suitable environment for cell adhesion and 
proliferation, but after 14 days there were lack of HAp particles which normally should ensure 
following cell differentiation.   




Fig. 29: Percentage of living cells on the pure collagen scaffolds and the collagen/HAp/β-TCP/α-TCP 
composite scaffolds after 24 days. 
 
 
Fig. 30: Images from fluorescence microscope of dead and living cells after 24 days on the pure 
collagen scaffolds and the collagen/HAp/β-TCP/α-TCP composite scaffolds; upper row – nuclei of 
dead cells are red and nuclei of living cells are green; bottom row – depth projection of cell 
penetration, max depth 150 μm, the red coloured is the deepest. 
 As demonstrated in Fig. 29 and Fig. 30, which represented number of living cells and their 
depth projection on the pure collagen scaffolds and the collagen/HAp/β-TCP/α-TCP composite 
scaffolds after 24 days of the experiment, addition of HAp and TCPs particles in ratio 1 : 1 
(sample 2A) significantly enhanced environment for cell proliferation and differentiation 
compared to other composite scaffolds and even to the bovine collagen scaffolds (1A). These 
results also correlated with the rate of induction of osteogenic differentiation as reported in Fig. 
31. The best induction of osteogenic differentiation provided the samples 1A, 2A and 3A. In 
contrast, the sample with the predominance of Hap (4A), which should enhance particularly 
osteogenic differentiation had the worst result due to lack of TCPs from the beginning. 
1A 1B 2A 3A 4A 




Fig. 31: Relative expression of mRNA (qPCR) for the transcription factor RunX2 (Runt-related 
transcription factor 2) on the pure collagen scaffolds and the collagen/HAp/β-TCP/α-TCP composite 
scaffolds after 0 and 14 days. 
 
 




Using the freeze-drying fabrication method, 3D porous pure collagen scaffolds and 
collagen/HAp/β-TCP/α-TCP composite scaffolds for potential application in regenerative bone 
medicine were prepared. The effect of mixtures of the individual bioceramic components (HAp, 
β-TCP, α-TCP) on morphology, physical, biomechanical and the biological properties of the 
prepared composite scaffolds was observed.  
 The morphological properties of all scaffolds investigated by means of SEM showed highly 
porous 3D structure with high degree of interconnectivity. The pure bovine collagen scaffolds 
(1A) had the most regular and complex structure of all samples. Samples 1A also achieved 
optimal pore size (407 ± 142 μm) for cell adhesion and proliferation and at the same time the 
narrowest pore size distribution of all. Contrary, the porcine collagen scaffolds (1B) appeared 
highly structurally irregular, thus with the greatest pore size (568 ± 252 μm) and the widest pore 
size distribution, which could not be entirely suitable for cell proliferation and differentiation. 
The bioceramic particles made the scaffolds (2A, 3A and 4A) less regular than the pure bovine 
collagen scaffolds (1A). Especially, the content of TCPs particles influenced the structure of 
the pore walls which then appeared more fibrillar and relaxed. The addition of bioceramic 
particles no matter the type also decreased the pore size approx. by 20 % (100 μm) and widened 
the pore size distribution. 
 All samples were highly porous showed similar values of porosity (96–97%). The porcine 
collagen scaffolds (1B) achieved the lowest porosity (96 %) of all which could be explained on 
molecular difference between collagens from each source. Mixture of bioceramic particles 
slightly increased (by 1 %) the porosity of the scaffolds (2A, 3A and 4A) because they limited 
the collagen in self-assembly process.  
 The pore size and porosity corresponded to the ability of the pure collagen scaffolds (1A and 
1B) to absorb water. The porcine collagen scaffold (1B) reached the highest value of the 
swelling ratio (~1.6). The bovine collagen scaffolds (1A), though with smaller pore size, but 
with higher porosity achieved little lower value of the swelling ratio (~1.5). However, the 
content of bioceramic particles decreased hydrophilicity of the collagen matrix and thereby 
significantly decreased the swelling ratio of the samples 2A (~0.75), 3A (~1.0) and 4A (~0.7). 
The greatest influence on lowering the hydrophilic characteristics had the content of HAp 
particles.  
 The in vitro enzymatic degradation was also related to decreasing hydrophilicity with the 
content of bioceramic particles, especially HAp particles. The bioceramic particles apparently 
stabilized the scaffolds (2A, 3A and 4A) against the collagenase activity. The mass loss of the 
composite scaffolds (2A, 3A and 4A) was lower by approx. 15 % compared to the pure collagen 
scaffolds (1A and 1B). The collagenase in PBS solution could not get to collagen matrix and 
peptide bonds so easily as in pure collagen scaffolds (1A and 1B).  
 Infrared analysis of the pure collagen scaffolds (1A and 1B) showed typical bands of type I 
collagen but also bands related improperly washed out products from crosslinking process. 
Spectra of the collagen/HAp/β-TCP/α-TCP composite scaffolds showed typical bands of type 
I collagen and also bands that corresponded to the content of the bioceramic particles. There 
were some shifts of the typical collagen bands that were caused by the bonds of the bioceramic 
particles to the collagen matrix.  
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 The biomechanical properties of the pure collagen scaffolds and the collagen/HAp/β-TCP/α-
TCP composite scaffolds were tested under in dry and also hydrated state which should mimic 
the physiological environment. In dry state, the pure bovine collagen scaffolds (1A) achieved 
the highest compressive strength (4931 ± 368 Pa). The pure porcine collagen scaffolds (1B) 
achieved the lowest compressive strength (2327 ± 252 Pa) mainly because of his irregular inner 
structure. The addition of the bioceramic particles made the scaffolds (2A, 3A and 4A) more 
brittle (average compressive strength decreased approx. by 20 %) no matter type of the 
bioceramic particles and they were not as rigid in compression as the pure bovine collagen 
scaffolds (1A). After hydration, the compressive strength of all samples decreased 100×. On 
the other hand, the bioceramic particles demonstrated the reinforcing effect, especially HAp 
particles, and the composite scaffolds (2A, 3A and 4A) reached higher values of compressive 
strength (by approx. 25 %) than the pure bovine collagen scaffolds (1A). They decreased the 
hydrophilicity of the collagen matrix and prevent the normal saline solution to weak it. Energy 
absorption efficiency did not change much after hydration which meant there were only small 
changes in the inner structure of the scaffolds following hydration. 
 None of the tested scaffolds were cytotoxic and cells in all samples proliferated during whole 
experiment, indicating sufficient mechanical stimulation by their environment. According to 
the quantification of cellular DNA on the samples and fluorescence microscopy, the most 
preferable environment for cell adhesion and proliferation was in the pure bovine collagen 
scaffolds (1A) and also in the composite scaffolds 2A (HAp : β-TCP : 1 : 1). The pure porcine 
collagen scaffolds thank large pores were settled by many cells, but they did not have enough 
stimuli to proliferate more. The predominance of β-TCPs in the samples 3A enhanced cell 
proliferation at beginning but then was lack of HAp particles for cell differentiation. The 
predominance of HAp particles (sample 4A) did not ensure sufficiently cell adhesion and 
proliferation at beginning. These results also correlated with the rate of induction of osteogenic 
differentiation.  
 Based on the found properties, all tested scaffolds could fairly imitate the environment for 
cell adhesion, proliferation and differentiation in bone tissue engineering. The pure bovine 
collagen scaffolds (1A) itself provided superior properties unlike the pure porcine collagen 
scaffolds (1B).  The addition of bioceramic particles and also their ratio changed the inner 
morphology, decreased the hydrophilicity of the collagen matrix and influenced the cell 
adhesion, proliferation and differentiation. Overall, as the best ratio of the bioceramic particles 
appeared HAp : β-TCP : 1 : 1 (sample 2A) that provided to scaffolds highly suitable properties 
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